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บทคัดยอ 
 
ในงานวิจัยนี้ศึกษาอิทธิพลของอุณหภูมิและระยะเวลาในขั้นตอนการอบละลาย
และการบมตอโครงสรางจุลภาคและสมบัติทางกลของอะลูมิเนียมผสม 7075 ท่ีขึ้นรูปดวย
เทคโนโลยีโลหะกึ่งของแข็ง ซ่ึงพบวาอุณหภูมิและระยะเวลาในการอบละลายท่ีเหมาะสมของ
อะลูมิเนียมผสม 7075 ท่ีขึ้นรูปดวยเทคโนโลยีโลหะกึ่งของแข็งท่ีมีโครงสรางจุลภาคแบบไมเปนกิ่ง
ไม คือ 450 C ระยะเวลา  4 ช่ัวโมง สวนในขั้นตอนการบมทําการศึกษาท่ีอุณหภูมิ 120 C 145 C 
165 C  และ 185 C ณ ระยะเวลาตางๆ พบวาสภาวะการบมท่ีอุณหภูมิ 120 C ระยะเวลา 72 
ช่ัวโมงใหคาความแข็งสูงสุดท่ี 90 HRB และใหคาความแข็งแรงการดึงสูงสุดท่ี 486 MPa โดยมี
เปอรเซ็นตการยืดเทากับ 2% ความแข็งแรงท่ีสภาวะดังกลาวเปนผลมาจากการพรีซิพิเทตกึ่งเสถียร
เฟส   ขนาดละเอียดและความหนาแนนสูงกวาท่ีอุณหภูมิการบมอ่ืนๆ ดังนั้นเฟส    เปนเฟสหลัก
ท่ีทําใหอะลูมิเนียมผสม 7075 ท่ีขึ้นรูปดวยเทคโนโลยีโลหะกึ่งของแข็ง มีความแข็งแรงหลังการบม
แข็งเทียบเทากับอะลูมิเนียมผสม 7075 ท่ีขึ้นรูปดวยกระบวนการ thixoforming ท้ังนี้การบมท่ี
อุณหภูมิสูงขึ้นพรีซิเทตเฟสเสถียร  จะเริ่มกอตัวทําใหความแข็งแรงของอะลูมิเนียมผสม 7075 ท่ี
ขึ้นรูปดวยเทคโนโลยีโลหะกึ่งของแข็งลดลง จากการหาคาพลังงานกระตุนปรากฏของกระบวนการ
พรีซิพิเทตของอะลูมิเนียมผสม 7075 ท่ีขึ้นรูปดวยเทคโนโลยีโลหะกึ่งของแข็ง เทากับ 95,827 J/mol 
 จากการศึกษาสมบัตกิารแตกหักเนื่องจากการคืบของอะลูมิเนียมผสม 7075-T6 ท่ี
ขึ้นรูปดวยเทคโนโลยีโลหะกึ่งของแข็งดวยเทคนิค GISS และผานกระบวนการทางความรอนแบบ 
T6 ท่ีอุณหภูมิอบละลาย 450C ระยะเวลา 4 ช่ัวโมง และผานการบมท่ีอุณหภูมิ 120C ระยะเวลา 
72 ช่ัวโมง โดยทําการเปรียบเทียบกับอะลูมีเนียมผสม 7075-T651 ในทางการคา พบวาอะลูมิเนียม
ท้ังสองชนิดมีคากําลังความเคน (n) ท่ีเทากันเทากับ 6.3 ซ่ึงเปนขอมูลสวนหนึ่งท่ีบอกไดวาดิส
โลเคชันเปนกลไกหลักในการควบคุมการคืบของอะลูมิเนียมท้ังสองชนิด  นอกจากนี้ยังพบวา
อะลูมิเนียมผสม 7075-T6 ท่ีขึ้นรูปดวยเทคโนโลยีโลหะกึ่งของแข็งมีอัตราการคืบต่ําสุดต่ํากวาและ
ระยะเวลาการแตกหักเนื่องจากการคืบยาวนานกวาอะลูมิเนียมผสม 7075-T651 ในทางการคา โดยท่ี
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ระยะเวลาการแตกหักเนื่องจากคืบของอะลูมิเนียมผสม 7075-T6 ท่ีขึ้นรูปดวยเทคโนโลยีโลหะกึ่ง
ของแข็งยาวนานกวาอยางชัดเจนท่ีชวงความเคน 120-140 MPa เนื่องจากมีความแนนของพรีซิพิเทต
ท่ีสูงกวาและอัตราการเติบโตของพรีซิพิเทตท่ีชากวาอะลูมิเนียมผสม 7075-T651 ในทางการคา 
อยางไรก็ตามการเกิดชองวางเนื่องจากการคืบ(creep cavities) เปนกลไกหลักในการควบคุมการ
แตกหักเนื่องจากการคืบของอะลูมิเนียมผสม 7075-T6 ท่ีขึ้นรูปดวยเทคโนโลยีโลหะกึ่งของแข็ง 
ขณะท่ีการแตกหักเนื่องจากการคืบของอะลูมิเนียมผสม 7075-T651 ในทางการคาถูกควบคุมรวมกัน
ของการเติบโตของพรีซิพิเทตอยางรวดเร็วและการเกิดชองวางเนื่องจากการคืบ ท้ังนี้การสูญเสียการ
ยึดเหนี่ยว(decohesion)ของอนุภาคอินเตอรเมทัลลิกเฟส Al-Fe-Cu กับเนื้อเมทริกซ เช่ือวาจะถูกเรง
ใหเกิดท่ีความเคนสูง 180MPa ใหเกิดชองวางขนาดใหญและเปนบริเวณกวาง และในท่ีสุดทําให
ของอะลูมีเนียมผสม 7075-T6 ท่ีขึ้นรูปในสถานะกึ่งของแข็งจะแตกหักเนื่องจากการคืบเร็วขึ้นและ
ใกลเคียงกับอะลูมีเนียมผสม 7075-T651 ในทางการคา 
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ABSTRACT 
 
 Effects of solution heat treatment and age hardening on the microstructures and 
mechanical properties of rheocasting 7075 Al alloy produced by a novel technique, Gas Induced 
Semi-Solid (GISS) technique, were studied. This work reveals that the optimum solution heat 
treatment condition for the non-dendritic structured 7075 aluminium alloy was 450 C for 4 h. 
Age hardening was performed at temperatures of 120 C, 145 C, 165 C, and 185 C under 
various time durations. The peak aging condition was the artificial aging at 120 C for 72 h, at 
which a highest tensile strength of 486 MPa with 2% elongation was recorded. This higher 
strength was caused by higher number density and finer precipitate size of    phase than other 
aging temperatures. The main hardening phase was identified to be the  phase while early 
nucleation of   phase in the higher aging temperature specimens resulted in lower strengths of 
the alloy. The activation energy for the precipitate hardening process of the alloy derived in this 
research was 95,827 J/mol 
Creep rupture behavior of semi-solid cast 7075-T6 Al alloy produced by Gas 
Induced Semi-Solid (GISS) process was investigated in comparison with commercial 7075-T651 
Al alloy. The semi-solid cast 7075-T6 Al alloy displayed lower minimum creep rate and longer 
creep rupture time than the commercial 7075-T651 Al alloy. On the basis that their n values were 
6.3, dislocation creep was seemingly the predominant mechanism controlling the creep 
deformation of both alloys. Creep rupture time of the semi-solid cast 7075-T6 Al alloy is 
distinctly longer than that of the commercial 7075-T651 Al alloy at stress regimes of 120-140 
MPa due to the lower precipitate coarsening and higher precipitate density. Creep cavities 
predominately controlled creep rupture of the semi-solid cast 7075-T6 Al alloy despite the 
appearance of precipitate coarsening. The commercial 7075-T651 Al alloy creep rupture behavior 
 vi
was controlled by the combination of rapid precipitate coarsening and creep cavities. However, 
de-cohesion between insoluble particles and the matrix is evidently accelerated with increasing 
stress to 180 MPa, leading to cavity propagation and resulting in the convergence of creep rupture 
time in the semi-solid cast 7075-T6 Al alloy to that of the commercial 7075-T651 Al alloy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 vii
ACKNOWLEDGEMENT 
 
First of all, the author would like to express her sincere gratitude to her main 
advisors, Assoc. Prof. Dr. Sirikul Wisutmethangoon, and her three co-advisors of Asst. Prof. Dr. 
Thawatchai Plookphol, Asst. Prof. Dr. Jessada Wannasin, and Prof. Dr. Susan E. Babcock, and 
also extend thank to Asst. Prof. Dr. Prapas Muangjunburee for his help and guidance. 
High tribute shall be paid to the external committee, Assoc. Prof. Dr. Chaowalit 
Limmaneevichitr. 
In addition, the authors wish to acknowledge the Prince of Songkla University 
for the 50% Ph.D. scholarship financial support, as well as supports from the Thailand Research 
Fund through the Royal Golden Jubilee Ph.D. Program (Grant No.PHD/0031/2552), and the 
Office of National Research Council of Thailand through the Development of High-Quality and 
Low-Cost Below Knee Prosthesis Project, including the PSU Graduate School. On the other 
hand, the author would like to thank the all laboratory facility supports from the PSU Department 
of Mining and Materials Engineering, the Department of Industrial Engineering, and Department 
of Materials science and Engineering, College of Engineering, University of Wisconsin-Madison, 
WI, USA. The assistance with the manuscript preparation from Mr. Wiwat Sutiwipakorn is also 
acknowledged. 
The author would like to express her thank to all her colleagues from the Heat 
Treatment and Particle Materials (HTPM) group, Innovative Materials Technology (IMT) group, 
Joining & Welding group of Department of Mining and Materials Engineering, Prince of  
Songkla University. 
Finally, the author would like to thank all supports and encouragements from her 
parents (Mr. Udon Sumangkay and Mrs. Jaree Sumangkay), as well as her husband (Mr. Suratit 
Mahathaninwong) and her son (Master. Aob Mahathaninwong), including her younger sister and 
brother (Mrs. Aunchalee, Mr. Ayut, and Miss Kanokrat Sumangkay).  
 
Narissara Mahathaninwong  
 
 
viii 
 
CONTENT 
 
          Page 
Content                viii 
List of Tables                               x 
List of Figures                                   xi 
CHAPTER 1 INTRODUCTION            1 
1.1 Background and Rational                       1 
1.2 Objectives     3 
1.3 Significance of the Study   4 
1.4 Scope of the Study   4 
1.5 Research places   4 
CHAPTER 2 REVIEW OF LITERATURES   6 
2.1 Aluminium alloy   6 
2.2 Heat Treatment of Aluminium alloys   8 
2.3 Creep property 17 
CHAPTER 3 RESEARCH  METHODOLOGY 26 
3.1 Materials 26 
3.2 Influence of solution heat treatment temperatures and times on microstructure,  29 
       hardness, and tensile strength of the semi-solid cast 7075 Al alloy 
3.3 Influence of artificial aging temperatures and times on microstructures,  32 
       hardness, and tensile strength of the semi-solid cast 7075 Al alloy  
3.4 Creep rupture behavior of semi-solid cast 7075-T6 Al alloy at   33 
     the temperature of 200C and  the stresses of 120 MPa – 180 MPa 
CHAPTER 4 RESULTS AND DISCUSSIONS 40 
4.1 Microstructures of semi-solid cast 7075 Al alloy 40 
4.2 Effect of solution heat treatment on microstructure and  43 
                  mechanical properties 
 
ix 
 
CONTENT (CONTINUE) 
Page 
4.3 Effect of Aged hardening on microstructure and mechanical properties 52 
4.4 Creep rupture behavior of semi-solid cast 7075-T6 Al alloy  64 
CHAPTER 5 CONCLUSIONS 79 
5.1 Conclusions 79 
5.2 Suggestions 81 
References 83 
Appendix 90 
Appendix A 91 
Appendix B                                                                                                                      102 
Appendix C                                                                                                                      107 
Appendix D                                                                                                                      117 
Vitae                                                                                                                                              124 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
x 
 
LIST OF TABLES 
                                       Page 
Table 2.1  Standard chemical compositions of the 7075 Al alloy   7 
Table 2.2  Solid solubility of elements in the aluminium matrix         8 
Table 3.1 The chemical composition of semi-solid cast of 7075 Al alloy  28 
produced by GISS technique  
Table 3.2 Examples of small-size specimens proportional to the standard specimen 31 
Table 3.3  The chemical composition of the commercial  wrought 7075-T651 Al alloy 34 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xi 
 
LIST OF FIGURES    
                                                   Page 
Fig. 2.1 Phase diagram of  Al-Zn-Mg Al alloy at the content of Zn-5.3 at%                                10 
Fig. 2.2 Area fraction of phases other -Al during solution heat treatment                                 10 
at  400, 420, 440, and 460oC for various times    
Fig. 2.3 SEM micrographs of two alloys under different heat treatment conditions                      11 
Fig. 2.4 Influence of the cooling rate on the tensile strength of Al alloys                                      12 
Fig. 2.5 A precipitate nucleation diagram of 7010 Al alloy during quenching 13 
Fig. 2.6 Element mapping 3DAP of  GP Zone in  Al-Zn-Mg-Cu system 14 
Fig. 2.7 HREM micrographs showing 15 
Fig. 2.8  (a) An HRTEM image of  ' in Al-1.7Zn-3.4Mg-0.1Ag Al alloy 15   
 (b) crystal structure of '  
Fig. 2.9 TTT diagram for ageing of Al–6.1Zn–2.4Mg–1.6Cu (wt.%) alloy 16 
Fig. 2.10 Yield strength dependence of various aging temperatures at 2h 17 
Fig. 2.11 Creep curve 18 
Fig. 2.12 Creep curves at various temperatures (T1>T2>T3>T4) and a constant stress 19 
Fig. 2.13  Plotting between the steady state creep rates or minimum creep rates  19 
and temperatures for determining the activation energy 
Fig. 2.14  Creep curves of various stresses(1>2 >3>4)  and a constant temperature 20 
Fig. 2.15  Plotting between the steady state creep rates or minimum creep rates  20 
and stresses for determining the stress exponent 
Fig. 2.16  Plotting between   log ss and log  21 
Fig. 2.17 The temperature dependences of the yield strength (0.2 pct proof stress)  22 
and the UTS for 7010 Al alloy 
Fig. 2.18 Minimum strain rate vs applied stress for Al–Sc–Gd alloy at 300 C  23 
and threshold stresses are marked on the stress axis 
Fig. 2.19 (a) The steady-state creep-rate (strain-rate) versus time-to-rupture for Cu  24 
deformed over a range of temperatures (b) dispersion-strengthened cast aluminum 
 
xii 
 
LIST OF FIGURES (CONTINUE)    
Page                                      
Fig.2.20 (a) Wedge (or w-type) crack formed at the triple junctions in association with grain  25 
boundary sliding (b) a wedge crack as an accumulation of spherical cavities 
Fig. 2.21 Cavitation (r-type) or voids at a transverse grain boundary 25 
Fig. 3.1 Schematic of the GISS process 26 
Fig. 3.2 (a) An as-cast 7075 Al alloy plate (b) shape and dimension of specimen  27 
for heat treatment, hardness test, and microstructure examination  
(c) specimen was sectioned for tensile test and creep test 
Fig. 3.3 Positions in as cast plates for microstructure examinations 28 
Fig. 3.4 Represent micrographs for determining the area fraction of phases 30 
Fig. 3.5 Tensile specimen with specific variables of specimen dimension 31 
Fig. 3.6 Tensile specimen 32 
Fig. 3.7 Creep machine 35 
Fig. 3.8 (a) Displacement measurement series (b) LVDT accessories and connection 36  
(c) A specimen connection  
Fig. 3.9 Graph of load cell calibration 37 
Fig. 4.1 (a) A diagram pointed out the positions for examining microstructures  41 
(b) optical micrographs of semi-solid cast 7075 Al alloy produced by  
GISS technique followed as the position in (a) 
Fig. 4.2 SEM micrographs of (a)-(b) as-cast semi-solid 7075 Al alloy  42 
(c) EDS result of bright area and (d) EDS result of elongated black area 
Fig. 4.3 XRD results of as-cast and solution heat treated (SHT) samples 43 
Fig. 4.4 SEM micrographs of GISS processing rheocast 7075 Al alloy 44 
Fig. 4.5 Optical micrographs of (a) as-cast (b) SHT 450 C/1h (c) SHT 450 C/4h 45  
(d) SHT 450 C/8h (e) SHT480 C/1h, and (f) SHT 480 C/8h specimens 
Fig. 4.6 Area fractions of GB phases after solution heat treatment at 450 C  46 
and 480 C at various holding times 
 
xiii 
 
LIST OF FIGURES (CONTINUE)    
Page                            
 
Fig. 4.7 Optical micrographs showing (a) skeleton and irregular shaped (b) black  46 
line shaped (c) coarse black particles in the SHT specimen, as indicated by arrows 
Fig. 4.8 (a), (c), (e) SEM micrographs and (b), (d), (f) EDS results of remaining GB  47 
phases after solution heat treatment at 450 C for 1 h 
Fig. 4.9 Elemental mapping of constituent particles in the sample solution heat treated 48  
at 480 C for 1h 
Fig. 4.10 Area fraction of Al-Fe-Cu phases in GISS processing rheocast 7075 Al alloy 49  
after SHT at 450C and 480C for various time durations 
Fig. 4.11 Area fraction of Mg-Si phases in GISS-processed rheocasting 7075 Al alloy  50 
after SHT at 450C and 480C for various time conditions 
Fig. 4.12 Area fraction of coarse black area in GISS-processed rheocasting 7075 Al  50 
alloy after SHT at 450C and 480C for various time durations 
Fig. 4.13 Tensile strength and % elongation of GISS-processed rheocasting 7075 Al  51 
alloy before and after SHT 
Fig. 4.14 Effects of solution treatment temperature and time on hardness value of   52 
the 120C-12 h artificially aged specimens 
Fig. 4.15 Hardness vs. time for various aging temperatures 55 
Fig. 4.16 Tensile strength and %elongation of GISS-processed rheocasting 7075 Al  56 
alloy after T6 aging process at various temperatures and time durations 
Fig. 4.17 Diffraction patterns (a) [110] zone axis after aging at 120C-24h  58 
(b) [114] zone axis after aging at 120C-72h 
Fig. 4.18 Diffraction patterns after aging at 145C-6h (a) [112] zone axis (b) [114] zone axis 58 
Fig. 4.19 Diffraction patterns after aging at 165C-3h (a) [111] zone axis (b) [114] zone axis 58 
Fig. 4.20 Diffraction patterns after aging at 185C-1h (a) [111] zone axis (b) [001] zone axis 59 
Fig. 4.21 Diffraction patterns of [114] zone axis in specimens aged at (a) 185C-1h  59 
(b) 185C-12h 
xiv 
 
LIST OF FIGURES (CONTINUE)    
Page                                      
Fig. 4.22 TEM bright field imaging in [011] zone axis of specimen aged at (a) 120C-24h;  60 
and in [114] zone axis of specimens aged at (b) 120C-72h (c) 145C-6h  
(d) 165C-3h (e) 185C-1h (f) 185C-12h 
Fig. 4.23 TEM bright field imaging at higher magnification taken in [114] zone axis 61  
showing relative precipitate size and number density in four different aged  
conditions at (a) 120C-72h (b)145C-6h (c) 165C-3h (d) 185C-1h 
Fig. 4.24 Average precipitate size distributions of aged specimen at (a) 145C-6h  62 
(b) 165C-3h (c) 185C-1h 
Fig. 4.25 Arrhenius-type plot between aging temperature and onset of hardness plateau  64 
time of the alloy 
Fig. 4.26 SEM micrographs of (a)-(b) the semi-solid cast7075-T6 Al alloy  65 
(c)-(d) the as-obtained commercial 7075-T651 Al alloy (e) EDS result for  
black contrast particles and (f) EDS result for white contrast particles 
Fig. 4.27 Typical creep curve showing engineering creep strain as function of time 66  
under creep test at 200C and stress ranging from 120MPa to 180MPa 
Fig. 4.28 The stress dependence of minimum creep rate 68 
Fig. 4.29 TEM micrographs revealing the precipitates of the semi-solid cast 7075-T6  68 
Al alloy 
 Fig. 4.30 TEM micrographs around the grain boundary after creep test for 5 h 69 
 at 200C under 140MPa stress 
Fig. 4.31 Plotting of 4.4/1
min
  vs. applied stress for the determination of threshold 71   
stress ( th ) by back extrapolation (dash lines) 
Fig. 4.32 Damage tolerance parameter, , as a function of applied stress 72 
Fig. 4.33 Creep rupture specimens covering a large area near the rupture surface 72 
Fig. 4.34 Typical cavity nucleation in the semi-solid cast 7075-T6 Al alloy at the area  74 
away from the rupture tip within 0.4 mm 
 
xv 
 
LIST OF FIGURES (CONTINUE)    
                                                                                                                                      Page 
Fig. 4.35 Typical cavity nucleation in the commercial 7075-T651 Al alloy at the area  75 
away from the rupture tip (a) and (c) within 0.4 mm, and (b) more than 0.4 mm 
Fig. 4.36 Stress dependence of creep rupture time 75 
Fig. 4.37 Rupture surface under selected creep test condition at stress of 180MPa 76 
Fig. 4.38 Element mapping of the rupture surface under creep rupture test at stress  77 
of 180MPa for the semi-solid 7075-T6 Al alloy 
Fig. 4.39 Element mapping of the rupture surface under creep rupture test at stress  77 
of 180MPa for the commercial 7075-T651 Al alloy 
Fig. 4.40 EDS result of a particle within a dimple of the commercial 7075-T651 Al alloy 78 
Fig. Appendix A1 Specimen and LVDT connection design 92 
 
     
1 
 
CHAPTER 1 
INTRODUCTION 
 
1.1 Background and Rational  
 
7075 Aluminium alloy was developed over 70 years ago. However, many 
researches still have been performed on it in the past decade [1]-[11]. High strength and light 
weight properties of the alloy are attractive properties leading to its prevalent usage in transport 
applications corresponding to constantly increasing global warming concerns. In addition, 7075 
Al alloy is being put into lightweight components of lower limb prostheses [12]. 
7075 Aluminium alloy was commonly formed by wrought manufacturing 
process which resulted in high strength. However, the cost of this production route is very high 
compared to the alternative casting route. Nevertheless, disadvantages of conventional casting are 
found in the material structure with existence of casting defects such as pores and shrinkage 
cavities, including lower strength [1], [13]. An alternative Semi-Solid Metal (SSM) process was 
developed in early 1971 [14].  Reduction in casting temperature and solidification shrinkage is its 
main advantage [15]. This SSM process has since been developed into thixocasting and 
rheocasting processes.  
Rheocasting process has increasingly gained attentions from many researchers 
because of less investment and lower raw material cost compared to thixocasting process. Hence, 
rheocasting process will be the alternative process to obtain higher strength alloys than cast alloy 
requirements. Various techniques for semisolid slurry preparations of 7075 Al alloy had been 
proposed such as cooling slope [3], induction stirring with simultaneous forced air cooling [16], 
and a novel technique of rheocasting process developed by the Innovative Metal Technology 
(IMT) team of the Prince of Songkla University.  This technique is called Gas Induce Semi-Solid 
(GISS) technique [12]. It is a simple, economical and efficient process. Additionally, this 
technique has succeeded to produce non-dendritic structure of 7075 alloy. 
However, in order to obtain high strength 7075 Al alloy, heat treatment is a key 
process to improve mechanical properties after the forming process. T6 heat treatment is one of 
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the major factors to enhance mechanical properties of the alloy. It involves three main steps: 
solution heat treatment, quenching, and artificial aging. The solution heat treatment step aims to 
dissolve segregated elements and soluble phases into matrix as solid solution. The formation of 
precipitates after artificial aging contributed to the strengthening increase. The precipitation 
sequence of 7xxx Al alloy was proposed as followed [17]-[19]; 
 
SSS  ------- > GP Zone ------- > ' ------- >  ( 2MgZn ) 
 
Stable   phase has been characterized to be the platelet-like shape and 
hexagonal structure model, while the coherence interface of meta-stable '  phase with the matrix 
has been reported. The hardening responsible of individual fine '  phase has been proposed, 
together with a combination of GP Zone and '  phase. The precipitate type, size, and density 
could be controlled though an optimum aging temperature and time. Therefore, an optimization of 
both the solution heat treatment and the artificial aging conditions applied to the alloy is crucial in 
achieving the required properties [5, 20]. T6 heat treatment schedule of wrought 7075 Al alloy 
were well established at the solution temperature range of 465-490C and aging temperature of 
120C [21]. In contrast, dissolving soluble phases of the as-cast 7075 Al alloy should be done at 
temperature lower than 465C as advised by Mukhopadhyay [22]. Moreover, various aging times 
at 120C for 7075 Al alloy have been proposed to be the peak-aged condition of T6 heat 
treatment [10], [11]. 
As the difference in as-fabricated microstructures led to the differences in 
solution heat treatment and artificial aging conditions, this work hence aims to establish T6 heat 
treatment data of the 7075 Al alloy produced by rheocasting process along with a GISS technique. 
T6 heat treatment study of the alloy is focused into two main sections; solution heat treatment and 
artificial aging. The influence of solution heat treatment and artificial aging temperature and time 
on mechanical properties and microstructures was investigated.  
On the other hand, it is well known that the wrought 7075-T6 Al alloy is one of 
the precipitate-hardening alloys that possess excellent mechanical properties at temperature 
between 25C to 100C. However, its tensile strength sharply decreases with increasing 
temperature at temperatures above 100C [23]. For example, tensile strength of commercial 
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7075-T651 Al alloy decreased from 598 MPa at 25 C to 297 MPa at 200 C [24]. 
Microstructure stability enhanced creep resistance of 7075 Al alloy by addition of Zr, which 
forms small precipitates of Al3Zr has been achieved as a stable dispersoid phase [25]. In contrary, 
precipitate coarsening of 7010 Al alloy (having composition similar to 7075 Al alloy) during 
creep was found to exhibit loss in creep strength [26]. Rapid precipitate coarsening rate occurred 
together with strong interfacial energy between the precipitate and the matrix when it was applied 
in high temperature applications [27], [28]. Furthermore, over-aged precipitates in Al-Zr alloy 
also resulted in creep resistance loss [29]. Therefore, fine dispersion precipitates obtained through 
an optimum T6 heat treatment present a possibility to increase creep resistance for precipitate-
hardening alloys. 7075 Al alloy commonly produced by wrought process has been widely studied 
for its creep properties [30]-[32]. However, semi-solid cast 7075 Al alloy produced by a novel 
Gas Induced Semi-Solid (GISS) process with the formation of fine dispersion precipitate through 
the optimum T6 heat treatment condition has never been studied before. 
Consequently, the study in the creep property of semi-solid cast 7075-T6 Al 
alloy produced by GISS process is the second part of this research.  The investigations focused on 
the creep rupture behavior of the alloy and the microstructure examination prior to and after 
testing to gain a better understanding of the mechanism governing this behavior. The creep 
rupture of the commercial 7075-T651 Al alloy examined in parallel for comparison. 
 
1.2 Objectives 
 
1.2.1 To improve the mechanical properties of the semi-solid cast 7075 
Aluminium alloy produced by GISS process through heat treatment. 
 1.2.2 To investigate the influence of the heat treatment on creep property of the 
semi-solid cast 7075 Aluminium alloy produced by GISS process.  
1.2.3 To characterize microstructures of semi-solid cast 7075 Aluminium alloy 
produced by GISS process after heat treatment.   
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1.3 Significance of the Study 
 
1.3.1 Obtain the suitable heat treatment for improving the mechanical properties 
and creep property of the semi-solid cast 7075 Aluminium alloy produced by GISS process. 
 1.3.2 Provide the influence of heat treatment on microstructures of the semi-
solid cast 7075 Aluminium alloy produced by GISS process. 
 
1.4 Scope of the Study 
 
1.4.1 The semi-solid cast 7075 Aluminium alloy produced by GISS process is 
studied in this research. 
1.4.2 The temperatures, times, and steps of heat treatment for the semi-solid cast 
7075 Aluminium alloy produced by GISS process are investigated.  
1.4.3 Hardness, tensile, and creep property of the semi-solid cast 7075 
Aluminium alloy produced by GISS process after heat treatment are evaluated.  
1.4.4 Microstructure characterizations of the semi-solid cast 7075 Aluminium 
alloy produced by GISS process after heat treatment and creep test are examined by Optical 
Microscopy (OM), Scanning Electron Microscopy (SEM), and Transmission Electron 
Microscopy (TEM)  
 
1.5 Research places 
  
  1.5.1  Department of Mining and Materials Engineering, Faculty of Engineering, 
Prince of Songkla University.  
1.5.2  Department of Industrial Engineering, Faculty of Engineering, Prince of 
Songkla University. 
1.5.3 Scientific Equipment Center,  Prince of Songkla University. 
1.5.4 National Metal and Materials Technology Center, 114 Thailand Science 
Park Paholyothin Rd., Klong 1, Klong Luang, Pathumthani 12120 Thailand. 
  
5
1.5.5 Department of Materials Science and Engineering, College of Engineering, 
University of Wisconsin-Madison, Madison, Wisconsin, 53706 United State of America. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
6 
 
CHARPTER 2 
 REVIEW OF LITERATURES 
 
2.1  Aluminium Alloy  
 
Aluminium alloy has been widely used in automotive, aerospace, transportation 
and defense industries where they have been steadily replacing many conventional ferrous alloys, 
which it could be produced in a variety of forming processes depending on the view of the 
investment cost, the product size, and the property requirement.  However, the difference in 
alloying elements contained in Al alloy led to obtain a variety of properties for Al alloy. Al alloy 
was categorized following the alloying elements;  
Al alloy containing high Si content : Al-Si alloy group is good castability 
because of its less shrinkage,   high fluidity, less entrapping gases, and less cracking during 
solidifications. However, Al-12%Si is non-heat treatable.  
Al-Si-Cu alloy, Al-Si alloy with adding Cu element led to its heat treatable alloy 
due to precipitate hardening.  Al-5%Si-3%Cu could be solution treated at temperature ranging 
from 505 C to 520 C for 6-16 h, and quenched in the water afterward. Artificial aging was 
subsequent at temperature ranging from 150 C to 170 C for 6-18 h led to obtain the high static 
force resistance. The developed Al alloy, Al-11%Si-3%Cu, could be T5 heat treated at 
temperature interval of 200 C-210 C for 7-9 h, which it achieved to increase the strength from 
190 MPa in as-cast specimen to 250-320 MPa, together with reduction in heat treatment cost.  
Al-Si-Mg alloys were good castability and properties more than Al-Si-Cu alloys. 
Solution heat treatment and artificial aging for  Al-7%Si-0.3%Mg has been suggested to be done 
at  535 C for 2-6 h and  150 C-180 C for 3-5 h, respectively. 
Al-Si-Cu-Mg alloy was good properties of as-cat products and less entrapping 
gases and cracking affects. This alloy with high Cu and low Mg contained CuAl2 phase in its 
microstructure, while Mg2Si phase appeared at high containing Mg and low containing Cu alloys. 
In addition, high impurity Fe content resulted in the formation of the AlCuSiFe phase, which 
could be dissolved during solution heat treatment stage and may be contributed to the 
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strengthening through precipitate process. The precipitation of both CuAl2 and Mg2Si enhanced 
the strengthening of the alloys. This Al alloy group was solution treated at 525 C for 6 h, 
followed by quench in hot water, and natural aged for 5 days afterward, which gave the strength 
of  270 MPa with %elongation of 0.8%. When artificial aging at 225 C for 5, the %elongation 
was increased to 1.8%, with no reduction in strength.   
Al alloy containing high Mg contents : Commercial  Al-10%Mg alloy group 
has high corrosion resistance and high strength of 450MPa with high elongation of 10-20%. This 
alloy has been extensively used in the sea applications. T6 heat treated of this alloy resulted in 
increasing ductility. Higher strength with decreasing elongation, brittle property, was produced by 
the natural aging because of the formation of   phase at grain boundary. Decreasing in Mg 
content of 8% with adding Zn of 1.5% could be used to avoid the precipitation of   phase. 
Instead, it would rather form  Mg3Zn3Al2 phase.  
Al alloy containing high Cu contents : This alloy  is the oldest casting Al alloy 
group.  Al-4.5%Cu alloy has been produced as the small machines with non complicate shapes 
for applied in airplane by casting process. The alloy is also suitable to form by casting with using 
high stress.  Binary Al-Cu alloy composed of  -Al and CuAl2 phases. Al-Cu alloy with high Cu 
contents led to the larger grain sizes and longer solution treatment times, normally 15-16 h for 
completely dissolved solid solution. In addition, quenching should be done immediately after 
solution heat treatment because the rapidly diffusion of Cu was out of Al matrix. For artificial 
aging, temperature of 120 C-170 C for 12-14 h was suggested.  
Al-Zn-Mg-Cu alloy :  Binary Al-Zn alloy has been widely used as the anodes 
for protecting the ferrous structure applied in the sea. In engineering, addition of Mg and other 
elements such as Cu, Cr, and Fe could be enhanced the strength and applied to airplane 
components. 7075 Al alloy is one of Al-Zn-Mg-Cu alloy group, which the standard composition 
of it is shown in table 2.1[33]. 
 
Table 2.1 Standard chemical compositions of the 7075 Al alloy. 
Major Elements Al Zn Mg Cu 
%wt 87.1-91.4 5.1-6.1 2.1-2.9 1.2-2.0 
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 Table 2.1 (Continue) 
 Elements Fe Si Mn Ti Cr other 
%wt Max. 0.5 Max. 0.4 Max 0.3 Max 0.2 0.18-0.28 0.15 
 
The solidus and liquid temperature of 7075 Al alloy were at  477 C and 635 C 
[34], respectively. The 7075 Al alloy was developed in the yeas 1930-1940 in the reason of the 
need the alloy with having the high strength to weight ratio. Zn and Mg elements were the high 
solubility element in the Al matrix. The alloy could be designed the grain structure through the 
controlling parameters in the forming process and heat treatment [33].  Addition of Cu element 
had the influence on the increasing mechanical property of the alloy caused by its enhancement 
nucleation of GP zones [35].  
 
2.2  Heat Treatment of Aluminium alloys 
 
Table 2.2  Solid solubility of elements in the aluminium matrix [33]. 
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Although most metal elements will contain in Al alloy, a few alloying elements 
could be soluble as solid solution. A significant solubilities of alloying elements as solid solution 
were only Zn, Mg, Cu, and Si elements, as revealed in table 2.2. However, transition elements 
could be soluble below 1%at such as Cr, Mn, and Zr. These elements were primarily to form 
compounds which control grain structure. With the exception of hydrogen, elemental gases were 
not soluble in either liquid or solid Al. 
High purified Al has very low yield strength of 7-11 MPa after annealing. 
Increasing in the strength of annealed materials achieved in which solutes dissolved in solid 
solution, which it should be annealed at the optimum temperature for the dissolution of solid 
solution. In addition, the solid solutions still remain after quenching without remove to react with 
other elements to form insoluble phases.  
Aluminium alloys could be divided into two groups. One contains those alloys 
for which the mechanical properties are controlled by work hardening and annealing such as Al-
Mg and Al-Mn systems. The second Al alloy group responds to age or precipitate hardening such 
as Al-Cu-Mg, Al-Mg-Si and Al-Zn-Mg-Cu  
 
2.2.1 Principle of Age Hardening  
 
The basic requirement for an alloy to be amenable to aged hardening is a 
decrease in solid solubility of one or more of the alloying elements with decreasing temperature. 
Heat treatment normally involves the following stages;  
  1.  Solution  Heat Treatment : This stage was to dissolve the alloying 
element, which it should be done at a relatively high temperature within the single -Al phase 
region, as phase diagram of Al-Zn-Mg Al alloy in Fig 2.1.   
It should be also concerned that the solution treatment temperature was not over 
the solidus temperature of the alloys. The compounds will be melted with over solidus 
temperature. The study of Al-Zn-Mg-Cu Al alloy(7010 and 7055) found that the area fraction of 
eutectic phases decrease with increasing solution treatment temperatures and times, as shown in 
Fig. 2.2.  Before solution treatment, microstructure of Al-Zn-Mg-Cu Al alloy composed of an -
Al phase and  lamella eutectic phases(-Al+Mg(Al,Cu,Zn)2, including a -Al7Cu2Fe phase 
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embedded in the eutectic phases, as depicted in Fig. 2.3 (a)-(b). The eutectic disappeared after 24 
h homogenization at 460 C, while the particles of -Al7Cu2Fe และ Al2CuMg still appeared in 
the microstructures, as revealed in Fig 2.3(c) 7050  and 2.3(d) 7010. The morphology of -
Al7Cu2Fe and Al2CuMg particles were shown in Fig. 2.3(e) and 2.3(f).                         
 
 
 
Fig. 2.1 Phase diagram of  Al-Zn-Mg Al alloy at the content of Zn-5.3 at%. A vertical bar, the 
alloy composition of interest [36]. 
 
Fig. 2.2 Area fraction of phases other -Al during solution heat treatment at  400, 420, 440, 
and 460 C for various times  a) Alloy A1(7050)   b) Alloy 2 (7010) [37]. 
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Fig. 2.3 SEM micrographs of two alloys under different heat treatment conditions: (a) As cast 
microstructures; (b) High magnification of Fig. 2.3(a); (c) 7050 Al alloy (460 C, 24 h); 
(d) 7010 Al alloy (460 C, 24 h); (e) Morphology of coarse particles; (f) High 
magnification of Fig. 2.3(e) [37]. 
 
2. Quenching Quenching  is the stage of rapid cooling materials to room 
temperature after solution heat treatment providing a supper saturated solid solution of alloying 
elements in aluminium. The water is usually used to be a quenching medium due to its high 
efficiency for cooling material. The cooling rate has the influence on the mechanical properties of 
materials after heat treatment [38], as the graph in Fig. 2.4. It could be seen that high cooling rate 
resulted in the increasing tensile strength of 7XXX, 2XXX, and 6XXX Al alloys [21]. However, 
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the high cooling rate produces large temperature gradients between thick and thin sections which 
cause a localized plastic flow and an internal stress, which in turn results in a distortion after 
quenching.  It has been reported that samples were less distorted after quenching with glycol [6]. 
The distortion effect mostly found to long depth and thinnest samples. Quenching in either hot 
water or air is then an alternative way. Quenching with low cooling rate resulted in a 
precipitation. It was found that 7010 Al alloy was cooled down slowly from solution treatment 
temperature of 475 C,   phase formed subsequently at  a temperature of lower 440 C whereas  
an appearance of  S and  T phases was at temperature ranging from 200C to 300C. With lower 
temperatures, ' phase occurred at temperature of interval   100C-200C and GP zone also 
initiated at temperature of 130C. In addition, heterogeneous site precipitates formed at higher 
temperatures, while the formation of homogeneous site precipitates was at lower temperature, as a 
diagram of an ordered precipitation formation during cooling in Fig. 2.5 [39].  
 
  
Fig. 2.4 Influence of the cooling rate on the tensile strength of Al alloys [21]. 
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Fig. 2.5 A precipitate nucleation diagram of 7010 Al alloy during quenching [39]. 
 
3. Aging  
Aging is a stage of controlled decomposition of a super-saturated solid solution 
to form a finely dispersed precipitate, which is usually by aging for optimum times at either one 
or sometime intermediate temperatures. The complete decomposition of the super-saturated solid 
solution is a complex process together with involving several stages. Typically, Guinier-
Preston(GP) zone and an intermediate precipitate may be formed in addition to the equilibrium 
phase. In the Al-Zn-Mg-Cu system, precipitate sequences has been proposed as 3 stages, as 
followed [40] : 
GP Zone ------- > ' ------- >  ( 2MgZn )  
The element mapping study with novel technique of 3D Atomic Probe Field Ion 
Microscopy (APFIM) revealed spherical and elliptical GP zone shapes for Al-Zn-Mg-Cu Al alloy 
[36], as depicted in Fig. 2.6. Moreover, it has been reported that GP zones was classified to be the 
GP zone I and the GP zone II [41].  GP I, internally ordered on {100}-planes, spherical zones 
with 2–3 nm in diameter, whereas GP II are zones a few atoms thick on {111}-Al planes [18], 
[42]. Zhihui et al. [43] found the GP zone I in Al alloy (Al-6.23Zn-2.88Mg-1.58Cu) formed at 
aging temperatures in the range from room temperature to 150oC, GP zone II initially formed at 
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either temperature over 450C after quenching or aging temperatures over 70C. Fig. 2.7 
displays the morphology of GP zone I and GP zone II. 
  
                           
                                         
                  
 
    Fig. 2.6 Element mapping 3DAP of  GP Zone in  Al-Zn-Mg-Cu system (a) spherical GP Zone 
shape (b) ellipsoidal GP Zone shape [35]. 
 
GP Zones are solute-rich groups of either only one or two atom planes in 
thickness. Although they can produce appreciable elastic strains in the surrounding matrix, they 
are coherent with the matrix. Diffusion associated with their formation involves the movement of 
atom over relatively short distances and is assisted by vacant lattice sites that are also retained on 
quenching. GP zones are normally very finely dispersed and densities may be as high as   1017 - 
1018 cm-3. The nucleation rate and the actual structure may be greatly influenced by the presence 
of the excess vacant lattice sites. 
 The intermediate precipitate is commonly much larger in size than a GP zone 
and is only partly coherent with the lattice planes of the matrix. It has been generally accepted to 
have a definite composition and crystal structure both of which differ only slightly from those of 
the equilibrium precipitate. In some Al alloys, the intermediate precipitate may be precipitate 
from, or at, the sites of stable GP zones. In others this phase nucleates heterogeneously at 
(a) 
(b) 
  
15
dislocation or particles such as Al3Zr.  The shape and hexagonal crystal structure of intermediate 
precipitate ' phase showed in Fig. 2.8. 
 
                        
Fig. 2.7 HREM micrographs showing (a) GP Zone I and GP Zone II (b) high magnification 
micrograph of GP Zone II [43]. 
 
            
Fig.  2.8  (a) HRTEM image of  ' in Al-1.7Zn-3.4Mg-0.1Ag Al alloy  (b) crystal structure of '  
[44]. 
 b 
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Most aluminium alloys respond to aging, especially Al-Zn-Mg-Cu alloy group.  
Aging at ambient temperatures is called “natural ageing” that the rate of precipitations is 
extremely than that of at elevated temperatures which has well known as “artificial aging”. Fig. 
2.9 shows a Time-Temperature-Transformation (TTT) diagram of Al-6.1Zn-2.4Mg-1.6Cu (7075 
Al alloy) in which a formation of precipitate varies to aging temperatures and time. The shaded B 
area corresponds to a maximum YS. A area corresponds first-stage ageing regimes with minimum 
duration, at which precipitates of GP2 and ' phase, inherited in the case of second-stage ageing 
at 160–180 C, are forming [45].  
 
                          
          Fig.  2.9 TTT diagram for ageing of Al–6.1Zn–2.4Mg–1.6Cu (wt.%) alloy [45]. 
 
At one particular temperature, which varies with each alloy, the highest value of 
hardness will be recorded. Softening that occurs on prolonged artificial ageing is known as 
“overaging”. In commercial heat treatment, an aging treatment is usually selected that gives a 
desired response to hardening (strengthening) in a convenient period of time. 
Maximum hardening in aluminium alloys normally was achieved when a critical 
dispersion of GP zones, or an intermediate precipitate, or a combination of both were presented. 
Fig. 2.10 indicated the relation between yield strengths and precipitate type formation for an Al-
Zn-Mg alloy and an Al-Zn-Mg-Cu alloy after solution treatment at temperature of 470 C for 30 
minutes, quenched in water, and aging at 2 h for various temperatures. Al-2.4Zn-2.14Mg-0.5Cu 
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alloy obtained the highest yield strength at which a combination of GP zones and intermediate 
precipitate ' phase predominant. For Al-2.4Zn-2.14Mg, only GP zones responded to the first 
strengthening stage giving lower yield strength than Al-2.4Zn-2.14Mg-0.5Cu alloy [35]. 
 
                      
Fig. 2.10 Yield strength dependence of various aging temperatures at 2h [36]. 
               
  2.3 Creep property  
 
The continuity plasticity deformation of materials with time-dependence under a 
fixed stress or load at an elevated temperature is called in term of “creep”. A variation of strains 
under creep test conditions is recorded and displayed as creep curve in Fig 2.11. Several aspects 
of the curve are classified to three regions stage: stage I or primary creep, stage II or secondary 
creep, and stage III or tertiary creep. For the primary creep, the strains increase immediately after 
loading, consequently the creep rate (plastic strain-rate) is generally decreasing with increasing 
plastic strains or times. The creep rate variation is less or constant where is in the secondary 
creep. Minimum creep rate, or secondary creep rate, or steady state creep rate is used to be 
parameters for designing and accessing creep life of materials. The creep rate rapidly increases 
during the tertiary stage, eventually leads to rupture or fracture.  
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Steady state creep rate ( s ) or minimum creep rate ( m ) varies with 
temperatures (T ) and stresses (), including materials. Power’s law equation is use to describe 
the relation of those variables as followed [25]; 
             )/exp( RTQA cns                                    (2.1) 
Where   A is the constant, depending on microstructures 
            R  is the gas constant(8.314 J/mol.K) 
            cQ is the activation energy for creep 
             n  is the stress exponent 
 
 
Fig.  2.11 Creep curve. 
 
The temperature dependence of the secondary creep 
Increasing temperatures (T1>T2>T3>T4) at a constant stress obtained the different 
creep curves as shown in Fig. 2.12. Secondary creep rate and creep life occurs faster at higher 
temperatures.   
At a constant stress, the temperatures have influenced on the secondary creep 
rate as Arrhenius’s law equation. 
)/exp( RTQA cs                                             (2.2) 
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Where A is a constant depending on stresses and materials. When secondary 
creep rates ( s ) were plotted with reciprocal temperatures in Kelvin (1/T) in a semi-log scale, the 
activation energy for creep could be calculated from the slope of the graph as shown in Fig 2.13. 
 
 
           
 
                                 
 
 
                         
Fig. 2.12 Creep curves at various temperatures (T1>T2>T3>T4) and a constant stress. 
 
 
 
Fig. 2.13  Plotting between the steady state creep rates or minimum creep rates and temperatures 
for determining the activation energy. 
 
The stress dependence of the secondary creep 
At a constant temperature, the secondary creep rate depends on the stresses 
which power law creep equation could be explain in the simple form of Norton’ equation.  
 
n
ss B 
                                                                     (2.3) 
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               When B is temperature-dependent material parameter. The secondary creep 
rates increase with increasing the stresses and creep curves vary with the stress as shown in Fig. 
2.14. 
 
 
 
 
 
 
 
 
 
        Fig. 2.14  Creep curves of various stresses (1>2 >3>4)  and a constant temperature.  
 
Plotting between the secondary creep rates and the stresses in the log-log scale, 
the stress exponent n could be calculated from the slope of the straight line as shown in Fig. 2.15.  
 
                   
Fig. 2.15  Plotting between the steady state creep rates or minimum creep rates and stresses 
for determining the stress exponent.  
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The stress exponents varied with the applied stresses as revealed in Fig. 2.16. 
The stress exponents could be used to predict mechanisms controlled creep deformations. At low 
stresses, the stress exponent of n is 1 which creep deformation is controlled by diffusion creep. 
The ranging stress exponents of 4-6 at high stresses were referred to dislocation creep mechanism 
controlled.  The power low breakdown theory described the creep deformation at very high 
stresses.  
 
 
 
 
 
 
 
Fig 2.16  Plotting between   log ss and log . 
 
2.3.1 Creep behavior of precipitate- hardening alloys  
 
It is well known that precipitates lead to increase the strength of precipitate- 
hardening alloys for low temperature applications. The increased strength has been widely 
proposed to be the required strength for dislocation movement through the coherence precipitates. 
Orowan stress is determined to be the stress requirement for dislocation motions passed the 
precipitates by Orowan loop mechanism. Yield strength at low temperature is likely to be Orowan 
stress [46]. 
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Fig. 2.17 The temperature dependences of the yield strength (0.2 pct proof stress) and the UTS for 
7010 Al alloy [26]. 
 
However, yield strength decrease at elevated temperature, as shown in Fig. 2.17. 
It could be seen that yield strength of the 7010 Al alloy depends on the temperature, while it is 
strengthening by Orowan bowing. It is generally assumed that bowing process did not activated 
by thermal. However, dislocations can across particles or precipitates with no shear by climbing. 
Therefore, the stress at elevated temperatures requires only a partly stress of Orowan bowing. The 
required stress in precipitate hardening alloys usually determines in the term of threshold stress 
(TH).  It was found that the threshold stress of Al-Sc-Gd and Al-Sc-Yb alloys with obtaining 
coherence precipitates is high because of elastic interaction between coherence precipitates and 
climbing dislocations. In contrast, the threshold stress of those alloys with obtaining large size 
precipitate decreased because the precipitate density number decreased and free spacing 
precipitate increased [47]. The precipitates are the obstacles of dislocation motions. When applied 
stress is lower than threshold stress, creep deformation could not be measured. Therefore, power’s 
law equation for precipitate hardening alloy demonstrates in the form as followed;  
   
  





RT
Q
A cnthss exp                                                           (2.4) 
 
The threshold stress could be determined from the graph plotting between the 
steady stage creep rate or minimum creep rate and the stress, the trend solid lines were back 
extrapolate subsequently meet the stress axis which the stress value at the intercept is the 
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threshold stress as shown in Fig. 2.18. This figure revealed that Al-Sc-Gd alloys obtained the 
precipitate size of 2.4, 3.6, and 19.7 nm reached the threshold stress of 28, 36, and 24 MPa, 
respectively. 
On the other hand, it could be determined as an followed equation [48]. 
                                                         ORlth V  )1(                                                     (2.5) 
 
Where  lV  is the volume fraction of precipitates and OR  is the orowan stress 
which derived from an equation as followed; 
                                           
b
dGb
aOR 4
ln

                                               (2.6) 
 
Where a  is a constant depending on active slip systems, G is a shear modulus of 
matrixs,  b  is a burger vector,  d is a diameter of precipitates, and   is free spacing precipitates.  
 
 
 
Fig. 2.18 Minimum strain rate vs applied stress for Al–Sc–Gd alloy at 300 C and threshold 
stresses are marked on the stress axis [47]. 
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2.3.2 Creep rupture 
 
Creep rupture in uniaxial tension under constant stress has been described by the 
Monkman–Grant relationship, which states that the rupture of creep-deforming materials is 
controlled by the steady-state creep-rate, ss , equation (2.7), 
                                              MGfmss kt                                                         (2.7) 
where MGk  is sometimes referred to as the Monkman–Grant constant and m  is 
a constant typically about 1.0. Some data that illustrates the basis for this phenomenological 
relationship is in Fig.2.19. Although not extensively validated over the past 20 years, it has been 
shown to be valid for creep of dispersion-strengthened cast aluminum where cavities nucleate at 
particles and not located at grain boundaries [49].  
 
 
Fig. 2.19. (a) The steady-state creep-rate (strain-rate) versus time-to-rupture for Cu deformed over 
a range of temperatures (b) dispersion-strengthened cast aluminum [49]. 
 
Creep rate in the ternary creep stage is accelerated continuity, eventually creep 
rupture meet. It has been proposed that creep rupture caused by cavity. Mostly, cavity is initiated 
at the triple junction of grain boundary which is called as wedge type cavity as illustrated in Fig. 
2.20(a). It is easily initiated at high stresses (low temperatures) and large grain sizes, when grain 
boundary sliding is not accommodated. Some have suggested that the wedge type cracks nucleate 
as a consequence of grain boundary sliding. Another mode of fracture has been associated with r-
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type irregularities or cavities illustrated in Fig. 2.21. The wedges may be brittle in origin or 
simply an accumulation of r-types voids, as shown in Fig.2.20 (b). 
 
  Fig.2.20 (a) Wedge (or w-type) crack formed at the triple junctions in association with grain-
boundary sliding. (b) a wedge crack as an accumulation of spherical cavities [49]. 
 
 
                    Fig. 2.21 Cavitation (r-type) or voids at a transverse grain boundary [49]. 
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CHAPTER 3 
RESEARCH  METHODOLOGY 
 
This chapter will present details of research methodologies which explain into 
the materials, heat treatment, tensile test, creep test, and microstructure characterization. The 
sample preparations for optical microscope, scanning electron microscope (SEM), and 
transmission electron microscope (TEM) examination will also explain. These details contain in 
four mainly topics. One will start from the topic of material applied in this research, semi-solid 
cast 7075 Al alloy. Afterward, the topic of the influence of solution heat treatment temperatures 
and times on microstructure, hardness, and tensile strength of the alloy will be explicated. The 
topic of the influence of artificial aging temperatures and times on microstructures, hardness, and 
tensile strength of the alloy will be explained later. Another topic is the details of the influence of 
T6 heat treatment on creep rupture behavior of the alloy studies. 
 
3.1 Materials 
 
 
Fig. 3.1 Schematic of the GISS process [50] 
 
The material used in this study was semi-solid cast 7075 Al alloy produced by 
the GISS process. Schematic of the GISS process is shown in Fig. 3.1. In this process, the alloy 
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ingots were melted in a graphite crucible using an electric resistance furnace. The melt was fluxed 
at 700 C before casting. About 500 g of the molten alloy was taken out from the furnace using a 
ladle cup. A graphite diffuser was immersed in the liquid alloy at the rheocasting temperature of 
643C for 7 seconds and holding it for 30 seconds to produce a semi-solid slurry . The slurry was 
then poured into a die cavity, which was preheated to 280-300C. A squeeze cast was 
subsequently applied at a pressure of approximately 80 MPa. Afterward, the as-cast plate was 
took off from the die and left it in ambient air for cooling down temperature.   
The as-cast dimension plates were 100x100x15 mm. An as-cast 7075 Al alloy 
plate was sectioned into small 12 plates with dimension of 15x15x50 mm for heat treatment, 
hardness test, and microstructure examination as shown in Fig. 3.2(a) and (b). For tensile and 
creep specimens, An as-cast alloy plate was sectioned into small 6 plates with dimension of 
15x15x100 mm as shown in Fig. 3.2(c).  
 
 
 
 
 
                   (a)                                                  (b)                           (c) 
Fig. 3.2 (a) An as-cast 7075 Al alloy plate (b) shape and dimension of specimen for heat 
treatment, hardness test, and microstructure examination (c) specimen was sectioned for 
tensile test and creep test.  
  
3.1.1 The chemical compositions and compounds 
 
The as-cast plate was cut to square plate of 2.54x2.54 mm for a chemical 
composition analysis. The chemical composition of as-cast alloy was examined by Optical 
Emission Spectrometer (OES) and show in the table 3.1. 
 
 
 
15 mm 
100 mm 
  100 mm 
 15 mm 
 15 mm 
  50 mm 
 15 mm 
 15 mm 
  100 mm 
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Table 3.1  The chemical composition of semi-solid cast of 7075 Al alloy produced by GISS 
technique. 
Elements Zn Mg Cu Fe Si Cr Al 
%wt 6.08 2.50 1.93 0.46 0.4 0.19 Bal. 
 
A phase formation in microstructure of the semi-solid cast 7075 Al alloy 
produced by GISS after the solidification stage was characterized by X-ray diffraction (XRD)  
 
3.1.2 Microstructure examined by optical microscope and scanning electron 
microscope 
 
Fig. 3.3 Positions in as cast plates for microstructure examinations. 
 
 The as-cast plates were cut the rim out of 5mm (0.5 cm). The microstructure of 
as-cast alloy is examined in a quarter of plate from selected two plates. Each quarter plate was 
sectioned into 3 pieces with dimension of 15 x 15 x 50 mm. Cross section microstructures explore 
along the surface of 1 and 2 for first two pieces, and the surface of 3 and 4 for the third piece as 
presented in Fig. 3.3. The microstructure of each surface is investigated into 5 positions of A, B, 
C, D, and E as shown in Fig. 3.3. Each piece with dimension of 15 x 15 x 50 mm is cut into 5 
cubic specimens for 5 microstructure examination positions. Cubic specimens are cold mounted 
with rasin, then are polished by using SiC sand papers from 320, 600, 800, and 1,200 grit and 
followed by 5, 1, and 0.3 m micro-polishing alumina powder, respectively.  The last step, the 
samples are etched with 0.5%HF reagent for up to 5 seconds before rinsing by distilled water. 
Afterward, the microstructures of all samples are examined by optical microscope and scanning 
electron microscope. 
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3.2 Influence of solution heat treatment temperatures and times on microstructure, 
hardness, and tensile strength of the semi-solid cast 7075 Al alloy  
 
3.2.1 Solution heat treatment 
 
The as-cast specimens were solution treated at either temperatures of 450 C or 
480 C for 1, 4, 8, and 12 h and subsequently quenched in water at temperature of 25C. Three 
specimens were supplied to each condition of solution heat treatment for microstructure analysis, 
hardness test, and tensile test.  
 
3.2.2 Microstructure examined by optical microscope(OM) and scanning 
electron microscope(SEM) 
 
Three solution heat treated specimens with dimension of 15 x 15 x 50 mm. for 
each solution heat treatment condition cut into cubic shape specimen with dimension of 15 x 15  x 
15 mm.  All cubic specimens were cold mounted by the resin.   They were then polished by using 
SiC sand papers from 320, 600, 800, and 1,200 grit and followed by 5, 1, and 0.3 m micro-
polishing alumina powder, respectively.  The last step, the specimens were etched with 0.5%HF 
reagent for up to 5 seconds before rinsing by distilled water. Afterward, the microstructures of all 
samples were examined by optical microscope and scanning electron microscope couple with 
Energy Dispersive Spectroscopy (EDS). 
 
3.2.3 Quantitative analysis of Microstructures 
 
The area fraction of remaining grain boundary phases, Al-Fe-Cu, Mg2Si, and 
coarse black particles were analyzed by optical micrographs with magnification of  20x along 
with photo shop and image tool program. The numbers of analyzed micrographs were 
approximately 20-30 micrographs for a solution heat treatment condition. Al-Fe-Cu and Mg2Si 
phases were quantified by the difference in color contrast.  Mg2Si phases and coarse black 
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particles could be separated by the shape and size. The fist step painted the counting phase with 
the red colors by using a photo shop program as shown in Fig. 3.4(a)-(b).  
 
   
 
Fig. 3.4 Represent micrographs for determining the area fraction of phases (a) before painting (b) 
painted the Al-Fe-Cu phases (gray contrast color) with  red color (c) conversed other 
areas to be white color areas. 
 
Afterward, other areas were conversed to be white area counted by an image tool 
program as shown in Fig 3.4(c). The area fraction of each phase could be calculated as followed. 
 
The area fraction of phase A = Area of phases A / Total Area          (3.1) 
 
3.2.4 The influence of solution heat treatment condition on artificial aging 
 
The as cast specimen with dimension of 15 x 15 x 50 mm were solution treated 
at either temperatures of 450 C or 480 C for 1, 4, 8, and 12 h and subsequently quenched in 
water at temperature of 25C. All as-quench specimen of each solution heat treatment condition 
were artificial aged at 120C for 12 h. Three specimens were solution heat treated for a condition. 
The hardness test was applied for the primary evaluation property.  
 
3.2.5 Hardness Test 
 
 31
Both surfaces side of as cast specimens and specimens passed the process in the 
topic 3.2.4 were polished with 180 grit SiC sand paper for flatten. The specimens were then tested 
the hardness of Rockwell scale B followed as ASTM E18-03[51].  A specimen with dimension of 
15 x 15 x 50 mm was indented five points for a side which the hardness value for one solution 
heat treatment condition was averaged from three specimens with 30 indented points.  
 
3.2.6 Tensile Test 
 
3.2.6.1 Tensile Specimen 
 
As cast specimens and some solution heat treated specimens were tensile tested. 
Tensile specimens were dumbbell shape as shown in Fig. 3.5.  The dimension of specimen 
followed as ASTM B 557M-02a [52] in table 3.2 according to specific variables in Fig 3.5. In 
thesis, the tensile specimens applied the small-size specimens proportional to standard with 
diameter of 5 mm, gauge length of 25 mm, and threaded-end specimen of  M10 x1.50 as shown in 
Fig 3.6. 
 
Fig. 3.5  Tensile specimen with specific variables of specimen dimension. 
 
Table 3.2 Examples of small-size specimens proportional to the standard specimen. 
                                                                                                   Dimensions, mm 
 
Nominal Diameter 
 
Standard 
Specimen 
Small-Size Specimens Proportional to Standard 
 12.5 9 6 4 
G-Gage Length 62.500.10 45.000.09 30.000.06 20.000.04 
D-Diameter (Note 1) 12.500.25 9.000.10 6.000.10 4.000.05 
R-Radius of fillet,min 9 8 6 4 
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A-Length of Reduced 
Section,min (Note 2) 75 54 36 24 
 
 
 
Fig. 3.6 Tensile specimen.  
 
3.2.6.2 Tensile test machine and variable for tensile test 
 
The tensile test machine was HOUNSFIELD TEST EQUIPMENT Model H 
100ks Serial No. 0068. The tensile test was operated at crosshead speed of 1.5 mm/min or strain 
rate of 110-3. 
 
3.3 Influence of artificial aging temperatures and times on microstructures, hardness, and 
tensile strength of the semi-solid cast 7075 Al alloy  
 
3.3.1 Artificial Aging         
 
The as cast specimen with dimension of 15 x 15 x 50 mm were solution treated 
at optimum solution heat treatment condition derived from the topic 3.2 and subsequently 
quenched in water at temperature of 25C. As-quenched specimens were aged at different 
temperature of 120 C, 145 C, 165 C, and 185 C for various time conditions from 20 minutes 
to 132 hours, then quenched in water at room temperature. 
 
3.3.2 Hardness Test 
 
Both surfaces sides of aged specimens passed the aging process in the topic 3.3.1 
were polished with 180 grit SiC sand paper for flatten. The specimens were then tested the 
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hardness of Rockwell scale B followed as ASTM E18-03[51].  A specimen with dimension of 15 
x 15 x 50 mm was indented five points for a side which the hardness value of one solution heat 
treatment condition was averaged from three specimens with 30 indented points.  
 
3.3.3   Tensile Test 
 
As-cast specimens with dimension of 15 x 15 x 50 mm were passed the aging 
conditions at peak hardness times for each aging temperature, including under-aged condition at 
120C for 24 h and over-aged condition at 180C for 12 h . Afterward, the specimens were then 
machined to dumbbell shape with the dimension followed as the topic 3.2.6.1. The tensile test 
machine and operating variables followed the topic 3.2.6.2. 
 
3.3.4   Microstructure characterization 
  
The microstructure of T6-aged specimen was characterized by a JEM-2010 
JEOL transmission electron microscopy (TEM). In order to prepare TEM specimens, a heat 
treated plate with the size of 15 mm×15 mm×50 mm was machined to a 3 mm diameter rod. This 
rod was then sliced into about 0.8 mm thick discs by using a low speed diamond saw. Both sides 
of the discs were mechanically polished to about 40–60 m thickness with the 1200 grit SiC sand 
paper and 5 m micro-polishing alumina powder. The specimen was then electro-polished on a 
Tenupol-3 electropolisher with a solution of 20–25 vol% nitric acid and 80–75 vol% methanol at 
-15 ◦C to -20 ◦C and an applied current of 1.2–1.5 A.  
 
3.4 Influence of T6 heat treatment on creep rupture behavior of semi-solid cast 7075 Al 
alloy at  the temperature of 200C and  the stresses of 120 MPa – 180 MPa  
 
The creep rupture behavior of a semi-solid cast 7075-T6 Al alloy produced by 
GISS technique was investigated in comparison with a commercial wrought 7075-T651 Al alloy. 
A square plate dimension of the as- semi solid cast 7075 Al alloy was 100x100x15 mm. They 
were cut to small square plates to the dimension of 15x100x15 mm for T6 heat treatment. The 
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samples were solution heat treated at temperature of 450C for 4 h, quenched in 25C water, 
then artificially aged at temperature of 120C for 72 h. These samples were then called the semi-
solid cast 7075-T6 Al alloy. The commercial 7075 Al alloy with passed the rolling and thickness 
of 12.7 mm(ALUSA HA75-A Lot No. E04913)  was produced in Switzerland and bought through 
the dealer company, NASA METALS CO. LTD.  The chemical composition of the commercial 
7075 Al alloy reveals in the table 3.3. 
 
Table 3.3  The chemical composition of the commercial  wrought 7075-T651 Al alloy. 
Elements Zn Mg Cu Fe Si Cr Al 
%wt 5.92 2.64 1.70 0.19 0.07 0.19 Bal. 
 
3.4.1 Creep specimens 
 
The creep specimens of both alloys were machined in dumbbell shape followed 
as the topic of 3.2.6.1  
 
3.4.2 Creep machine 
 
All creep tests were performed in a custom-built lever-beam type test equipment 
as developed by Zhou [53]. Fig. 3.7 shows the creep machine which composes of (1) structure 
frame (2) furnace (3) weight loads (4) LVDT (Linear Variable Displacement Transducer) holder 
accessories (5) storage data instrument.  
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Fig. 3.7 Creep machine 
 
3.4.3  Specimen holder and  LVDT holder 
 
 A LVDT is an instrument for measuring the displacement of the specimen. The 
displacement measurement series were designed as shown in Fig. 3.8(a).  The LVDT composed 
of  a needle and a case obtained electromagnetic coils which have a hole through its. The LVDT 
needle placed on the tip of the micrometer which held with rectangular plate and fixed with the 
reference rod as shown in Fig. 3.8(b). The LVDT case was held with upper rectangular plate 
which fixed with pull rod as shown in Fig. 3.8(b). The reference rod could move through upper 
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rectangular plate. Another tip of reference rod fixed through a rectangular place connected with 
the specimen as shown in Fig. 3.8(c). When the specimen displaced during creep test, the 
reference rod also moved leading to a LVDT needle move freely through the hole of the LVDT 
case and then could generate the signals.  The LVDT signals was transferred to collect in the 
computer by using the program of National Instruments Virtual BenchTM Version 2.6 500615D -
00. The micrometer used to readjust the position of a LVDT needle when the elongation of the 
specimen was nearly the length of a LVDT needle. 
 
 
 
 Fig. 3.8 (a) Displacement measurement series (b) LVDT accessories and connection (c) A 
specimen connection.  
 
3.4.4 Load calibration 
 
The real specimen load could be calibrated by a load cell. The ratio of specimen 
load and weight load was determined as the graph in Fig. 3.9 and the straight line was derives to 
equation (3.2). 
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y = 4.9604x +1.8996                                                                       (3.2) 
 
y = the specimen load 
x = the weight load 
 
Fig. 3.9 Graph of load cell calibration. 
 
3.4.5 Creep rupture test 
  
The creep rupture test was performed in air under constant load condition at 
initially stress levels ranging from 120 to 180 MPa and a temperature of 200C ±1C. Prior to 
creep loading, the creep specimens were preheated from room temperature to 200C for 1 h. The 
specimen temperature was sensed by a thermocouple attached to the centre of the gauge section 
and measured by a digital temperature meter to a precision of ±1 C. The creep rupture test 
procedure followed as : 
(1) Take the specimen to the holder and connect to the pull rod with the slungs. 
(2) Connect the reference rod with the specimen and LVDT accessories. 
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R² = 1
0
100
200
300
400
500
600
0 50 100 150
S
p
ec
im
en
  l
o
ad
 (k
g
)
Weight Load(kg)
 38
(3) The square plates connecting with the specimen and LVDT accessories 
should be leveled. Turn on the power supply for inputting the voltage to 
LVDT. 
(4) Turn on computer and open the collected data program.  
(5) Take the hydrolic jack to support a load pan, next  load the required weight 
to the load pan, and then turn the the hydrolic jack for adjusting the balance 
of the lever-beam. 
(6) Turn on the furnace and heat up from room temperature to 200C for 1 h. 
(7) Release the hydrolic jack for taking the loads to the specimen. 
(8) When the specimen rupture, quench it in the room temperature water 
immediately. 
 
3.4.6   Microstructure characterization 
 
3.4.6.1 Microstructure characterized by OM and SEM 
 
Microstructures of both alloys before creep test were characterized by both an 
optical microscope (OM) and a scanning electron microscope (SEM) couple with energy 
dispersive spectroscopy (EDS). Both specimen alloys were cut into cubic shape specimen with 
dimension of 15 x 15  x 15 mm.  All cubic specimens were cold mounted by the resin.   They 
were then polished by using SiC sand papers from 320, 600, 800, and 1,200 grit and followed by 
5, 1, and 0.3 m micro-polishing alumina powder, respectively. 
 Cross-section microstructures of an area near the rupture surface were 
investigated by an optical microscope (OM) and a scanning electron microscope (SEM) couple 
with energy dispersive spectroscopy (EDS). Specimen preparations were started to cut crept 
specimens far away the tip of approximately 10 mm, then cold mounted them in horizontal 
direction with the resin. Afterward, they were polished by using 180 grit SiC sand papers until 
obtained the cross-section area, and were then polished continue from 320, 600, 800, and 1,200 
grit and followed by 5, 1, and 0.3 m micro-polishing alumina powder, respectively.   
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Fracture surfaces of specimens after creep test were examined by a scanning 
electron microscope (SEM) couple with energy dispersive spectroscopy (EDS). In order to 
specimen preparations, crept specimens were cut approximately 10 mm from a tip of rupture 
specimens. They were placed in vertical direction on the stab for SEM examining.  
 
 
3.4.6.2 Microstructure characterized by TEM 
 
Precipitates of preheated specimens before creep loading and crept specimens 
after creep loading at 200C and 140 MPa for 5 h of both alloys were examined by TEM. The 
specimens were machined to a 3 mm diameter rod. This rod was then sliced into about 0.8 mm 
thick discs by using a low speed diamond saw. Both sides of the discs were mechanically 
polished to about 40–60 m thickness with the 1200 grit SiC sand paper and 5 m micro-
polishing alumina powder. The specimen was then electro-polished on a Tenupol-3 
electropolisher with a solution of 20–25 vol% nitric acid and 80–75 vol% methanol at -15 C to -
20 C and an applied current of 1.2–1.5 A.  
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CHAPTER 4 
RESULTS AND DISCUSSIONS 
 
 The objective of this research is to investigate the influence of T6 heat treatment 
process on the microstructure and mechanical properties of semi-solid cast 7075 Al alloy 
produced by GISS technique. Microstructures of an as-semi solid cast alloy were examined, 
which was illustrated and discussed in the first topic. Three topics of T6 heat treatment studies 
were explored. The first studies determined the optimum solution heat treatment condition for the 
alloy which focuses to the influence of solution heat treatment temperatures and times on 
microstructures, hardness, and tensile strength of the alloy. The next one explored the effect of 
aging temperatures and time on precipitates, hardness, and tensile strength for inquiring into the 
peak aged of the alloy.  The last one, creep rupture behavior of the alloy passed the peak aged 
heat treatment condition was examined for seeking the possibility high temperature applications. 
In addition, the creep rupture test of commercial 7075 Al alloy also provide for a comparison with 
the semi-solid cast 7075 Al alloy. This chapter will report and discuss the all study results.   
 
4.1 Microstructures of Semi-solid Cast 7075 Al Alloy  
 
As semi solid cast 7075 Al alloy was produced by GISS with introducing gas 
bubble for 7 s and holding for 30 s before pouring to the mold, subsequently squeeze cast with 
pressure of 80 MPa. As-cast samples are a square plate with dimension of 100 mm x 100 mm x 
10 mm. The sample is cut the rims of each side out for 0.5 mm and use only a quarter of each 
plate for examining cross section microstructures. The quarter of plate is sectioned into three 
pieces which one side of the fist two pieces from the center( as column 1 and 2) and both sides of  
the third piece(as colum 3 and 4)  are represented the microstructures. Five positions of A, B, C, 
D, and E of each side are examined the microstructures from the top to the bottom as the diagram 
shown in Fig 4.1(a).   A representation of the microstructures reveals in Fig 4.1(b). It could be 
seen that the microstructure of as semi solid cast 7075 Al alloy produced by GISS is non-
dendritic and homogenous structure.  
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Fig. 4.1  (a) A diagram pointed out the positions for examining microstructures (b) optical 
micrographs of semi-solid cast 7075 Al alloy produced by GISS technique followed as 
the position in (a) 
    (a) 
(b) 
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Fig. 4.2 SEM micrographs of (a)-(b) as-cast semi-solid 7075 Al alloy (c) EDS result of bright area 
and (d) EDS result of elongated black area. 
 
Secondary electron images of as-cast microstructures reveal a non-dendritic 
grain structure and a white contrast of grain boundary (GB) phases as shown in Fig. 4.2(a). A 
high magnification image of GB phases in Fig.4.2(b) presents large bright areas and elongated 
black areas at grain boundaries of matrix-α (Al). The SEM-EDS point analysis of the bright areas 
at grain boundaries shows high concentrations of Zn, Mg, and Cu elements because of solute 
segregation during casting, as illustrated in Fig.4.2(c). One previous investigation [54] referred 
that if Zn/Mg ratio of Al-Zn-Mg-Cu alloy is more than 2.2, the dominant second phase in the 
solidification eutectic should be the MgZn2 phase. In this research, Zn/Mg ratio of the alloy is 2.4. 
In addition, the XRD result of the as-cast specimens mainly consists of α-Al and η-MgZn2 as 
shown in Fig. 4.3. Therefore, most of bright GB phases should be quaternary Mg(Zn,Cu,Al)2 
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phase in that some Al and Cu atoms have dissolved in the η-phase and form the same 
crystallographic lattice constant as MgZn2, as reported by Eivani et al [55]. The EDS result shown 
in Fig. 4.2(d) indicates that the elongated black area at the grain boundary in Fig. 4.2(b) is Mg2Si 
phase. However, the existence of this small amount of Mg2Si cannot be verified by the XRD test. 
 
 
Fig. 4.3 XRD results of as-cast and solution heat treated (SHT) samples (SHT 450-1: 450 C/1 h, 
SHT 450-4: 450 C/4 h, SHT 480-1: 480 C/1 h). 
 
4.2 Effect of solution heat treatment on microstructure and mechanical properties 
 
Grain boundary (GB) initially presents as a spatially continuous white contrast 
color, including minor amount of black line structure. The microstructure mainly consisted of 
matrix-α (Al) and grain boundary (GB)-eutectic phase (α-Al + -MgZn2). Predominantly, the 
observed phases at GBs of the as-cast Al–Zn–Mg–Cu alloy are (MgZn2), T(Al2Mg3Zn3) and 
S(Al2CuMg) [56]-[58]. The Fe-rich phases and Mg2Si also formed in the alloy containing Si and 
Fe impurities [59]. The evolutions of morphology and content of GBs depended strongly on 
solution heat treatment temperature and time, as shown in Fig. 4.4 and 4.5. The mechanism for 
evolution of GB phases during heat treatment has been proposed in three stages: thinning, 
discontinuation, and dissolution [55]. In this research, spatially continuous GB phases of as-cast 
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specimens were subsequently dissolved after solution heat treatment at either temperature. The 
discontinuation stage could be more notably observed than other stages. It evolved into isolated 
phases and decreased in content after SHT at either temperature of 450C or 480C. After 450 
C SHT for 1 h, the discontinuous GB phases were observed (Fig. 4.4(b) and 4.5(b)), while 
isolated GB phases were clearly observed in the specimens solution treated at 450C longer than 
4 h (Fig. 4.4(c)-(d) and 4.5(c)-(d)) and at 480C-1 h (Fig. 4.4(e) and 4.5(e)).  
 
 
 
Fig. 4.4 SEM micrographs of GISS processing rheocast 7075 Al alloy (a) as-cast and as quenched 
after (b) SHT 450 C/1h (c) 450 C/4h (d) 450 C/8h (e) 480 C/1h specimens.  
 
Area fractions of the remaining grain boundary phases in the solution treated 
samples were quantitatively analyzed from optical micrographs (the selected micrograph as 
shown in Fig. 4.5) and illustrated in Fig. 4.6. It is observed from Fig. 4.6 that the remaining GB 
phases sharply decreased in the first hour of solution treated temperatures at 450 C and 480 C. 
However, the area fraction of the GB phase in the sample solution treatment at 480 C remained 
almost constant when the solution treatment time is longer than 1 h; indicating that this phase 
may be completely or almost dissolved within the first hour of solution treatment at 480 C. This 
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result was confirmed by the XRD result showing the disappearance of η-MgZn2 phase in Fig. 
4.3. On the other hand, solution treating of the sample at 450 C for 1 h was not enough to allow 
diffusion to establish an equilibrium solid solution since the major second phase of 
Mg(Zn,Cu,Al)2 was not completely dissolved as indicated by XRD, OM and SEM-EDS results 
shown in Fig. 4.3, Fig. 4.5(b), and Fig. 4.8(a)-(b), respectively. Hence, the area fraction of the GB 
phase in the sample solution treated at 450 C continued to decrease for further solution treating 
until complete dissolution was met at the solution treating time of 4 h leading to the 
disappearance of η-MgZn2 phase in the XRD result as shown in Fig. 4.3. 
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 Fig. 4.5  Optical micrographs of (a) as-cast (b) SHT 450 C/1h (c) SHT 450 C/4h (d) SHT 450 
C/8h (e) SHT480 C/1h, and (f) SHT 480 C/8h specimens. 
           
Fig. 4.6 Area fractions of GB phases after solution heat treatment at 450 C and 480 C at 
various holding times. 
 
 
 
Fig. 4.7 Optical micrographs showing (a) skeleton and irregular shaped (b) black line shaped (c) 
coarse black particles in the SHT specimen, as indicated by arrows. 
 
Optical micrographs in Fig. 4.7 revealed remaining grain boundary phases in 
two different color contrasts; gray and black. Most of the  remaining phases at the first 4 h of 
450C-SHT showed gray contrast with the shapes of either a skeleton or an irregular shape, as 
pointed out by black and white arrows in Fig. 4.7(a), respectively. These microstructures were 
similar to those presented by Doroshenko et al. [60]. Dark and light gray skeleton phases were 
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identified as (Cu,Fe)Al6 and Cu2FeAl7, respectively, while  irregular-shaped particles were 
(Cu,Fe)Al6. It is in agreement with the SEM micrograph and EDS result in fig 4.8(c) and 4.8(d). 
Black line phase observed in fig. 4.7(b) and 4.8(e) were the same phase which also identified as 
Mg2Si in agreement with EDS result in fig. 4.8(f) appeared the high peak intensity of Mg and Si. 
In addition, coarse black particles were clearly observed in the 450C-8 h, and 480C-1 h or 
prolonged holding time SHT specimens, as indicated by arrows in Fig. 4.4(d)-(e), 4.5(d)-(f), and 
4.7(c). 
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Fig. 4.8 (a), (c), (e) SEM micrographs and (b), (d), (f) EDS results of remaining GB phases after 
solution heat treatment at 450 C for 1 h. 
 
 
Fig. 4.9 Elemental mapping of constituent particles in the sample solution heat treated at 480 C 
for 1h. 
 
Coarse black particles were found to form after solution heat treatment at 450 
C for 8 h and at 480 C for 1 h. The number of these particles increased with increasing solution 
treatment time from 1 h to 8 h at 480 C as shown in Fig. 4.5(e) and Fig. 4.5(f). Chen et al [61] 
identified the coarse black particles to be melted constituents due to homogenization at high 
temperature while Curle and Govender [16] reported that it was the pores caused by incipient 
melting during solution treatment. Fig. 4.9 shows the elemental mapping results of a black 
constituent particle in the sample solution treated for 1 h at 480 C; revealing that this particle 
could be an incipient melting of low melting point Mg(Zn,Cu,Al)2 phase in multinary eutectic 
area. Owing to high diffusion coefficients of Zn, these atoms would easily diffuse throughout the 
matrix as solid solution, leaving behind the segregated sluggish silicon atoms to form overheated 
Mg2Si particles during quenching.  Formation of the Mg2Si overheated particles was confirmed 
by the XRD result as shown in Fig. 4.3 and was found to be undesirable because it would reduce 
toughness and aging response due to the lower supersaturated solid solution remaining in the 
solution treated sample.   
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      The influence of SHT temperature and time on the microstructure of the alloy 
was quantitatively analyzed on the area fraction of Al-Cu-Fe phase, Mg2Si phases, and coarse 
black particles as shown in Fig. 4.10-4.12.  The area fraction results in Fig.4.10 reveal that the 
content of Al-Cu-Fe intermetallic phases gradually decreases with increasing solution heat 
treatment time at both temperatures.  In contrast, the amounts of Mg-Si intermetallic phase in 
Fig.4.11 clearly increase when SHT time was over 8 h at 450C while it slightly changes when 
SHT times were from 1-12 h at 480C. It can be noticed from Fig. 4.12 that coarse black particles 
were not found in the specimen solution treated at 450C for the first 4 h, however, these 
particles started to form for prolonging SHT times. On the other hand, coarse black particles were 
found to form when the specimens were solution treated only for 1 h at 480C. This observation 
suggests that SHT temperature of 480C is high enough to melt Mg(Zn,Cu,Al)2 phase in 
multinary eutectic area and form coarse Mg2Si phase afterward leaving no chance of forming 
black line Mg2Si as observed in 450C - solution treated specimens.  
 
 
 
Fig. 4.10 Area fraction of Al-Fe-Cu phases in GISS processing rheocast 7075 Al alloy after SHT 
at 450C and 480C for various time durations. 
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Fig. 4.11 Area fraction of Mg-Si phases in GISS-processed rheocasting 7075 Al alloy after SHT 
at 450C and 480C for various time conditions. 
 
 
Fig. 4.12 Area fraction of coarse black area in GISS-processed rheocasting 7075 Al alloy after 
SHT at 450C and 480C for various time durations. 
 
The influence of SHT temperature and time on the microstructure of the alloy 
was quantitatively analyzed on the area fraction of Al-Cu-Fe phase, Mg2Si phases, and coarse 
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black particles as shown in Fig. 4.10-4.12.  The area fraction results in Fig.4.10 reveal that the 
content of Al-Cu-Fe intermetallic phases gradually decreases with increasing solution heat 
treatment time at both temperatures.  In contrast, the amounts of Mg-Si intermetallic phase in 
Fig.4.11 clearly increase when SHT time was over 8 h at 450C while it slightly changes when 
SHT times were from 1-12 h at 480C. It can be noticed from Fig. 4.12 that coarse black particles 
were not found in the specimen solution treated at 450C for the first 4 h, however, these 
particles started to form for prolonging SHT times. On the other hand, coarse black particles were 
found to form when the specimens were solution treated only for 1 h at 480C. This observation 
suggests that SHT temperature of 480C is high enough to melt Mg(Zn,Cu,Al)2 phase in 
multinary eutectic area and form coarse Mg2Si phase afterward leaving no chance of forming 
black line Mg2Si as observed in 450C - solution treated specimens.  
 
 
 
   Fig. 4.13 Tensile strength and % elongation of GISS-processed rheocasting 7075 Al alloy 
before and after SHT. 
 
Effects of SHT on the ultimate tensile strength (UTS) and elongation were 
carried out. Tensile test results of solution treated specimens are given in Fig. 4.13 indicating that 
UTS and elongation of 450C-4 h specimens were higher than those of 480C-1 h specimens. 
High density of coarse black particles was a major cause of low strength and elongation in 
480C-1 h. These results hence indicate that the higher SHT temperature, 480C, at any treated 
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time and the lower SHT temperature, 450C, at prolonging SHT time, > 4 h, were not proper to 
be performed on this alloy. Short SHT time of 1 h at 450C was also improper for this alloy 
because the eutectic phase was not completely dissolved. Fig. 4.14 shows the hardness values of 
120C-12 hours artificially aged specimens under different solution treated conditions. It can be 
seen from this figure that the optimum SHT condition giving the highest hardness value is 
450C-4 h. Therefore, the present study chose to use SHT condition of 450C-4 h to further 
investigate the aged hardening effect on the specimen.  
 
 
Fig. 4.14 Effects of solution treatment temperature and time on hardness value of  the 120C-12 h 
artificially aged specimens. 
 
4.3 Effect of Aged hardening on microstructure and mechanical properties  
 
Aging treatment was carried out in order to increase the strength and hardness of 
the alloy. During a proper solution treatment, the alloy constituents would be dissolved as much 
as possible without forming brittle and coarse particles. If the alloy is rapidly cooled, e.g. by 
quenching in water, this rich solid solution will not be stable and excess elements or compounds 
would precipitate out of the solution resulting in an increase in strength of the alloy. The aging 
temperatures used in this study were 120C, 145C, 165C, and 185C. Table 4.1 and Fig. 4.15 
shows how the hardness of the specimens varies as a function of time at each aging temperature. 
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The maximum hardness of the aged specimens produced by GISS technique in this work was 
attained by aging at 120 C for 72 h. This result was not in agreement with some previous studies 
in which the peak aged conditions of 7075 Al alloy formed by squeeze casting and by extrusion 
were obtained by aging at 120 C for 24 h [1] and 121C for 48 h [10], respectively. It is 
possible that our alloy contained high amount of Fe and Si leading to the formation of the Fe-rich 
phases and the Mg2Si phase during casting as mentioned above. These insoluble phases resulted 
in low supersaturated solid solution in matrix after SHT process. Since aging response depends 
mainly on the supersaturation degree of the matrix [62], the aging response of this alloy is then 
slower than that of the 7075 Al alloy containing low contents of Fe and Si. It is also noted from 
Fig. 8 that the outstanding peak aged conditions of the three other aging temperatures; 145C, 
165C, and 185 C, were not present.  Instead, the hardness plateau was maintained and the 
onset hardness for artificial aging at temperatures 145C, 165C, and 185 C were at 6, 3, and 1 
h, respectively. As anticipated, the onset of hardness plateau is reached in a shorter time with 
increasing aging temperatures as diffusion rates are faster at higher temperatures.  
 
Table 3.1 Average hardness values(HRB) of semi-solid cast 7075 Al alloy after solution heat 
treatment at 450C and 4 h and followed by aging at 120C, 145C, 165C, and 185 
C for various duration times. 
 
Aging 
temperature(°C) 
Aging times 
(h) 
Hardness number 
(HRB) SD 
120 0.33 61.9 1.6 
6 82.7 2.1 
12 86.1 0.9 
24 87.8 1.3 
36 88.5 1.3 
48 87.8 1.5 
72 90.3 1.0 
132 87.8 2.9 
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Aging 
temperature(°C) 
Aging times 
(h) 
Hardness number 
(HRB) SD 
145 0.33 64.3 2.1 
3 83.7 1.0 
6 86.6 1.2 
12 86.7 2.0 
24 87.4 1.4 
72 85.3 1.3 
165 0.33 65.7 2.1 
1 79.8 2.3 
2 82.8 2.1 
3 84.9 1.3 
6 84.3 1.6 
12 84.7 1.3 
24 84.2 1.3 
72 77.7 1.1 
185 0.33 70.7 2.4 
1 81.9 1.7 
3 82.7 1.8 
12 77.7 1.3 
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Fig. 4.15 Hardness vs. time for various aging temperatures. 
 
The tensile strength and % elongation of the alloy aging to the peak hardness value and the 
onset hardness plateau values are shown in Fig. 4.16. The highest average tensile strength of 484 
MPa with an average elongation of 3% was measured from specimens aged at temperature of 
145⁰C for 6 h. This was close to an average tensile strength of 479 MPa derived from specimens 
aged at 120C for 72 h. Although the strength of the alloy in this study did not meet the wrought 
alloy target [21], the value was close to those of the thixoformed products as reported in Ref. [2] 
and [3]. Slight increase in elongation of aged specimens compared to the as-cast specimens and 
trends of increase in elongation with increasing aging temperatures were observed in the 7075 Al 
alloy produced by rheocasting with GISS technique. The disappearance of eutectic phases and the 
existence of insoluble phases resulted in the improvement of average elongation in the SHT 
specimens to 12%. After aging, however, there was a loss in elongation of about 75% but a gain 
in strength of about 35% owing to precipitation hardening. Elongation is governed by defects [4] 
and insoluble phases [60], [63]. High strength casting 7075 Al alloy could be produced through 
predeformed alloy on aging [64], while thermomechanical process was reported to increase the 
elongation of cast 7075 Al alloy [65]. However, a combination of precipitate hardening and strain 
hardening due to dislocation exerts influence on mechanical properties depending on the 
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predeformed degree [64]. In addition, increase in strength of the alloy with no adverse effect on 
ductility by two-step artificial aging has been reported [67]. Strength and elongation 
improvements of the alloy produced by the GISS technique still need to be further investigated.  
 
 
 
Fig. 4.16  Tensile strength and %elongation of GISS-processed rheocasting 7075 Al alloy after 
T6 aging process at various temperatures and time durations. 
 
Precipitations in the aged specimens were determined using bright field (BF) 
imaging and selected area electron diffraction (SAED) analysis on TEM. Fig. 4.17(a) shows [110] 
zone axis of α -Al matrix in the 120C-24 h aged specimen. There are no extra spots other than 
those from the α -Al matrix suggesting that fine precipitates in the aged specimen as shown in 
Fig. 4.22(a) were GP zone precipitates having the same crystal structure as that of the matrix [67]. 
This observed precipitate, GP zone, was different from the  phase formed in commercial 7075 
Al alloy after aging under the same conditions, 120C-24 h [11]. The GP zone precipitates got 
coarsening and transformed to  precipitates after increasing aging time to 72 h as observed in 
Fig. 4.22(b). This evidence was confirmed by the appearance of extra weak precipitate spots 
shown in [114] zone axis of the 120C-72 h as shown in Fig. 4.17(b) which corresponded well to 
the diffraction pattern of precipitates reported in Du et al. [68]. Electron diffraction patterns of 
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specimens aged at 145C, 165C, and 185C to the onset of hardness plateau also showed the 
existence of / phase as observed in Fig. 4.18(b), 4.19(b) and 4.20(a), respectively. It was 
indexed by diffraction spots at 2/3{220} position, while early nucleation  phase was also 
indexed by diffuse diffraction around 2/3{220} position at aging conditions of 145C, 165C, 
and 185C for 6, 3, and 1 h, respectively. Emani et al. [10] suggested that diffraction contrast 
would increase as the precipitates became coarsened and completely transformed to the transition 
phases. Clear precipitate spots with no diffusion shown in Fig. 4.21(b) indicated that  phase 
dominantly formed after aging at 185C for 12 h corresponding to larger size precipitates as 
illustrated in Fig. 4.22(f). In the analysis of the diffraction pattern in [112] zone axis using 
schematic diffraction pattern of Ref. [40] and [17]. / phase was also found to transform to  
phase after aging at 145C for 6 h, which were indexed by weak diffuse spots at 2/3{220} and 
2/3{311} positions, as shown in Fig. 4.18(a). After aging at 165C for 3 h, precipitate spots , 
identified to be dominantly , clearly appeared at 1/3{422} position as shown in the electron 
diffraction pattern of [111] zone axis in Fig. 4.19(a). In addition, weak  phase spots were also 
observed near 2/3{220} position, identical to that reported in Ref. [19], [69], [70]. However, 
extremely weak diffuse spots at 1/3{442} position and low intensity around 2/3{220} position in 
diffraction pattern [111] zone axis in Fig. 4.20(a) implied that  phase had just started to form in 
the specimen after aging at 185C for 1 h. Additionally,  phase spots also appeared on electron 
diffraction pattern in [001] zone axis, as shown in Fig. 4.20(b). This is in accordance with the 
schematic diffraction patterns of Ref [42] and [71].  Li et al. [41] reported that GP Zone and / 
phase are formed predominantly in the microstructure of the 7075 al alloy at peak aged conditions 
after a T6 temper coupled with prestretching. In contrast, the present results indicate that fine 
dispersion of / phase is mainly responsible for the peak hardness in the alloy, which is in good 
agreement with the report by Park and Ardell [72]. Moreover,  phase also predominated and  
phase started early to form in the microstructure of the alloy after artificial aging at the three 
aging temperatures of 145C, 165C, and 185C for onset hardness plateau times. 
58 
 
 
 
 
Fig. 4.17 Diffraction patterns (a) [110] zone axis after aging at 120C-24h (b) [114] zone axis 
after aging at 120C-72h. 
 
 
 
Fig. 4.18 Diffraction patterns after aging at 145C-6h (a) [112] zone axis (b) [114] zone axis. 
 
 
  
Fig. 4.19 Diffraction patterns after aging at 165C-3h (a) [111] zone axis (b) [114] zone axis. 
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Fig. 4.20 Diffraction patterns after aging at 185C-1h (a) [111] zone axis (b) [001] zone axis. 
 
 
 
Fig. 4.21 Diffraction patterns of [114] zone axis in specimens aged at (a) 185C-1h (b) 185C-
12h. 
 
Fig. 4.22 shows the difference in precipitate size and number density of 
specimens aged at various conditions. High density of very fine GP zone was observed in the 
specimen aged at an underaged condition of 120C for 24 h as shown in Fig. 4.22(a). With 
increasing aging time to 72 h or at optimum ageing condition, the growth of those fine 
precipitates can be clearly seen (Fig. 4.22(b)). The same trend was observed when comparing 
specimens aged at 185C for 1 h to that aged at 185C for 12 h, an overaged condition, as 
illustrated in Fig. 4.22(e) and Fig. 4.22(f), respectively.  Fig. 4.22(c)-4.22(e) illustrates precipitate 
morphology in the specimens aged to the onset of hardness plateau at 145C, 165C, and 185C, 
respectively. From these figures, precipitates seemed to get bigger in size but lower in density at 
higher aging temperature.  
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Fig. 4.22 TEM bright field imaging in [011] zone axis of specimen aged at (a) 120C-24h; and in 
[114] zone axis of specimens aged at (b) 120C-72h (c) 145C-6h (d) 165C-3h (e) 
185C-1h (f) 185C-12h. 
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Fig. 4.23 TEM bright field imaging at higher magnification taken in [114] zone axis showing 
relative precipitate size and number density in four different aged conditions at (a) 
120C-72h (b)145C-6h (c) 165C-3h (d) 185C-1h. 
 
Higher magnification of TEM images in Fig. 4.23 clearly reveals precipitates in 
the specimens with aging temperatures of 120C, 145C, 165C, and 185C for 72, 6, 3, and 1 
h, respectively.  Despite high magnification, it is quite difficult to quantitatively measure the 
accurate precipitate size and number density from the 120C-72 h aged specimen. Therefore, the 
average precipitate size and the precipitate density were only semi-quantitatively measured from 
the other three ageing conditions and the results were presented in Fig. 4.24.  By qualitative 
comparison from Fig. 4.23, the average precipitate size and the number density of precipitates in 
120C-72 h aged specimen appeared to be smaller and higher than those in other three 
specimens. Fine precipitates in the three different aged specimens appeared in shape to be both 
spherical and plate-like. Diameter of precipitates was approximated from the average 
measurements on the long and short axes of the precipitates [73].  
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Fig. 4.24 Average precipitate size distributions of aged specimen at (a) 145C-6h (b) 165C-3h 
(c) 185C-1h. 
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From Fig. 4.24, fine precipitates of a 145C-3 h aged specimen were in the size 
range of 2 to 7 nm in diameter, an average diameter (Dp) of 4.09 nm and volume fraction (Vp) of 
1.59%. For a 165C-3 h and a 185C-1 h aged specimens, precipitates size increased to be in the 
range of 3-8 nm and 3-10 nm in diameter with an average size of 5.37 nm and 6.71 nm, 
respectively. On the other hand, volume fraction in both aging conditions decreased to 1.39% and 
1.14%, respectively.  Therefore, it can be concluded that by aging specimen at a higher 
temperature to the optimum condition, / phase nucleated under the influence of a smaller 
driving force than at a lower temperature. Thus, precipitate dispersion would be coarser and the 
volume fraction would be reduced, causing the hardness and the tensile strength to decrease. The 
precipitate size distribution in this study was consistent with a prior study by Park and Ardell [72] 
that the diameter of / phase was in the range of 3-10 nm.  
Apparent activation energy for precipitate hardening process of the alloy can be 
determined following the notation in Ref. [74]. Artificial aging times (in seconds) at the onset of 
hardness plateau as a function of artificial aging temperatures (in Kelvin) were plotted following 
an Arrhenius-type response in the equation  tT6 = C exp(Q/RT) with C the pre-exponential factor, 
Q the apparent activation energy in J/mol and R the universal gas constant = 8.314 J/mol.K, as 
shown in Fig. 4.25. The Arrhenius-type response for the obtained 7075 Al alloy produced by 
GISS technique is given in equation (4.1) 
 
tT6 = 410-8 exp(95,827/RT)                                       (4.1) 
 
The apparent activation energy for precipitate process in the alloy was calculated 
to be 95,827 J/mol. It had been reported by Garcia and Louis [75] that the apparent activation 
energies of / precipitation and / dissolution in 7075-T6 alloy were 69,200 J/mol and 97,400 
J/mol, respectively. It is noted that the activation energy determined from our study is close to the 
value of the / dissolution activation energy, indicating that at the onset of hardness plateau the 
/ phase started to coarsen and transform to  phase. By using equation (4.1), one could predict 
the time to reach maximum hardness (tT6) of the 7075 Al alloy in this study. 
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Fig. 4.25 Arrhenius-type plot between aging temperature and onset of hardness plateau time of 
the alloy. 
 
4.4 Creep rupture behavior of semi-solid cast 7075-T6 Al alloy produced by GISS technique 
 
4.4.1  Microstructure of the alloys prior to creep rupture test 
 
Fig. 4.26 illustrates the polished microstructure prior to creep test observed in 
the semi-solid cast 7075-T6 Al alloy in comparison with the as-obtained commercial 7075-T651 
Al alloy in the longitudinal direction. The semi-solid cast 7075-T6 Al alloy contains large size 
and high density of the insoluble constituent particles, as depicted in Fig. 4.26(a)-(b). In contrast, 
the particles break down to smaller size and align as stringer in the rolling direction for 
commercial 7075-T651 Al alloy, as revealed in Fig. 4.26(c)-(d). Insoluble particles of Al7Cu2Fe, 
Al23CuFe4, Al6Fe, and Mg2Si have been mainly observed in 7075 Al alloy [32], [60], [76]. These 
agree with the EDS analysis in this study with Mg-Si phase for black contrast particles and Al-Fe-
Cu particle for white contrast particles, as shown in Fig 4.26(e) and 4.26(f), respectively. The 
effect of the insoluble particle sizes on creep fracture had been reported that they were acting as 
the nucleation sites of the cavity [32].  
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Fig. 4.26 SEM micrographs of (a)-(b) the semi-solid cast7075-T6 Al alloy (c)-(d) the as-obtained 
commercial 7075-T651 Al alloy (e) EDS result for black contrast particles and (f) EDS 
result for white contrast particles. 
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4.4.2 Creep rupture behavior  
 
Typical creep curves of semi-solid cast 7075-T6 Al alloy and commercial 7075-
T651 Al alloy under creep test at temperature of 200 C and stress in the range of 120 MPa to 
180 MPa are shown in Fig.4.27. Higher creep rupture strain obtained in the commercial alloy was 
compared to the semi solid cast alloy. The creep rupture strain of both alloys remained relatively 
constant with increasing stress levels from 120 MPa to 180 MPa. However, the creep rupture time 
of the semi-solid cast 7075-T6 Al alloy was longer than the commercial 7075-T651 Al alloy in all 
applied stress regimes. 
 
 
 
Fig. 4.27 Typical creep curve showing engineering creep strain as function of time under creep 
test at 200C and stress ranging from 120MPa to 180MPa. 
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The applied stress ( ) dependence of the minimum creep rate ( min ) can be 
approximated by a power law, which was developed for practical purposes in the following 
simple form of Norton’s law: 
 
                                               nA min                                               (4.2) 
 
where A is the temperature and microstructure-dependent constant, and n is the stress exponent 
for the creep. The n value commonly explains the governing creep mechanism. As shown in Fig. 
4.28, the minimum creep rate ( min ) has been plotted against the applied stress ( ) on a semi-
logarithmic scale. The solid lines fit through the experimental data of the minimum creep rate for 
each applied stress. The stress exponent n of both alloys was then calculated to be 6.3, 
coincidentally equal. The presence of an instantaneous strain upon loading and a relatively 
decelerating primary stage, as observed in Fig.4.27, including the n value of 6.3, partly implied 
that dislocation creep mechanism is predominant in the controlling of creep deformation in both 
alloys. Park and Lee [31] derived an n value of 9 for 7075 Al alloy under creep test at temperature 
between 210C and 290C and stress between 49 and 123 MPa. They were quite sure that creep 
deformation was controlled by dislocation recovery. On the other hand, the n values of the 
overheated and the annealed 7075 Al Alloy were reported equally to be 5.3 which characterized 
the dislocation creep controlled [32].  The stress enhancement factor () was also evaluated 
following the form of nfA )(min   proposed by Yousefiani et al [32]. They characterized that 
the stress enhancement factor =1 referred to the bulk overheated 7075 Al Alloy that deformed 
uniformly as given by Eq.(4.2), while the factor  =1.48 implied a combination of dislocation 
creep and grain boundary sliding (GBS) for the annealed 7075 Al alloy. In this study, the factor  
of the commercial 7075 alloy was calculated to be 1.3 whereas the factor was 1.0 for the semi-
solid 7075-T6 alloy. Microstructure examinations were performed further to specify the creep 
mechanism of both alloys. 
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Fig. 4.28 The stress dependence of minimum creep rate. 
 
 
 
Fig. 4.29 TEM micrographs revealing the precipitates of the semi-solid cast 7075-T6 Al alloy 
after (a) preheated (b)-(c) creep test for 5 h at 200C under 140MPa stress; and  the 
commercial 7075-T651 Al alloy after (d)-(e) preheated (f) creep test for 5 h at 200C 
under 140MPa stress. 
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Fig. 4.30 TEM micrographs around the grain boundary after creep test for 5 h at 200C 
under 140MPa stress for (a)-(b) the semi-solid cast 7075-T6 Al alloy and (c)-(d) the 
commercial 7075-T651 Al alloy. 
 
The microstructures of the alloys were then characterized. Densely fine dispersion 
precipitates could be observed in the microstructure of the semi-solid cast 7075-T6 Al alloy after 
preheating from room temperature to 200C for 1 h prior to creep loading, as illustrated in Fig. 
4.29(a). Larger precipitate size and lower precipitate density appeared in the microstructure of the 
commercial 7075-T651 Al alloy, as shown in fig. 4.29(d). It can be noted that these precipitates of 
both alloys were coarsened after creep loading for 5 h at an applied stress of 140 MPa and 
temperature of 200C, as depicted in Fig. 4.29(a)-(b) for the semi-solid cast 7075-T6 Al alloy and 
4.29(e)-(f) for the commercial 7075-T651 Al alloy. However, the precipitate coarsening in the 
commercial 7075-T651 Al alloy was qualitatively faster than the semi-solid cast 7075-T6 Al 
alloy, as can be visualized in the comparison between Fig. 4.29(c) and 4.29(f). Moreover, the 
appearance of precipitate free zones (PFZs) coupled with the precipitates at the grain boundary 
were clear in the commercial 7075-T651 Al alloy, while formation of the PFZs in the semi-solid 
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cast 7075-T6 Al alloy was not noted, as depicted in fig. 4.30. The PFZs provided the locations for 
easy dislocation movements [76].  However, grain boundary sliding (GBS) was inhibited when 
many large particles were present at the grain boundaries [77], making GBS mechanism in the 
commercial 7075-T651 Al alloy less effective. It is known that the interface of grain boundary 
precipitate and PFZ is relatively weak [78]. In addition, the difference in precipitate size, 
precipitate density, as well as free precipitate spacing resulted in the difference in the threshold 
stresses [46]-[48]. The threshold stress, th , is the stress necessary for dislocation to bypass 
precipitates by Orowan bowing mechanism [46]. The precipitates act as effective obstacles to 
dislocation motion and no appreciable creep of the alloys can occur below the threshold stress. 
Hence, the power’s law equation at one constant temperature for a steady-state creep rate or a 
minimum creep rate, min , of precipitation-strengthened alloy can be written as followed in 
Equation (4.3):   
 
                                                  mnthA  min                                                (4.3) 
 
Where   is the applied stress; A , AA  , is a constant, and mn , nnm  , is the stress 
exponent of the matrix. Pure aluminium’s mn  ( 4.4 ) was used in this work as suggested by M. 
E. Van Dalen et al. [47].  Thus, by plotting mn/1min versus  , one could predict the threshold 
stress of both alloys from back extrapolation of the creep rate at which it cannot be 
experimentally measured, as shown in Fig. 6. The figure reveals that the threshold stress of the 
semi-solid cast 7075-T6 Al alloy having relatively high density and fine precipitates equals to 
47.5 MPa, while that of the commercial 7075-T651 Al alloy having larger size and longer free 
spacing of precipitates is 33.3 MPa. Therefore, the stress enhancement occurring in the 
commercial 7075-T651 Al alloy was caused by a lower stress threshold and hence led to a higher 
minimum creep rate compared to that of the semi-solid cast 7075-T6 Al alloy as observed in Fig. 
4.28 and Fig. 4.31.  
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Fig. 4.31 Plotting of 4.4/1
min
  vs. applied stress for the determination of threshold stress ( th ) 
by back extrapolation (dash lines). 
 
Furthermore, precipitate coarsening during creeping led to a decrease in creep 
strength. Microstructure degradation such as precipitate coarsening, which is a mechanism 
controlling creep rupture [27] and has been classified by the creep-damage tolerance (), is as 
followed [32], [79]:  
                                            )/( min ff t                                                         (4.4) 
Creep cavitation is dominant when the  values take on the range from 1 to 2.5. 
The values are 5 or more for microstructure degradation controlled behavior such as precipitate 
coarsening. The two mechanisms co-exist if the values fall within the interval of 2.5-5. The creep-
damage tolerances  were plotted against the applied stresses for both alloys in this study, as 
presented in Fig. 4.32. It can be seen that the  values for both alloys ranged from 7.9 to 13.5. 
From the above criteria, precipitate coarsening must have played a significant role in the rupture 
for both alloys. However, the  value only refers to whether or not microstructure instability 
initiates tertiary creep acceleration, and hence metallographic examinations of rupture specimens 
are necessary to further establish the cause of failure [79]. 
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Fig. 4.32 Damage tolerance parameter, , as a function of applied stress. 
 
 
 
Fig. 4.33 Creep rupture specimens covering a large area near the rupture surface at stress of (a) 
120 MPa (b) 180 MPa for the semi-solid cast 7075-T6 Al alloy and (c) 120 MPa (d) 180 
MPa the commercial 7075-T651 Al alloy. 
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Fig. 4.33 shows the polished longitudinal cross sections of selected creep rupture 
specimens under the lower stress of 120MPa and the higher stress of 180MPa. Under this 
examination, it can be seen that the deformation and the cavitation regions away from the tips are 
thus: (1) widespread and large cavitations occur in the commercial 7075-T651 Al alloy samples 
for both stress regimes; (2) cavity distribution of both alloys increase with increasing stress; (3) 
more elongated cavities along the direction of the tensile axis appear in the commercial 7075-
T651 Al alloy samples; (4) the morphology of cavities in the semi-solid cast 7075-T6 Al alloy 
samples under both stress conditions has no correlation with the direction of the tensile axis; and 
(5) necking can be observed only in the commercial 7075-T651 Al alloy samples. The difference 
in cavity morphology of both alloys might be assumed to have the difference in the creep rupture 
controlled mechanism [32]. More detailed microstructure examinations of selected creep rupture 
specimens were conducted through high magnification SEM micrographs and are presented in 
Fig. 4.34-4.35. The observed semi-solid cast 7075-T6 Al alloy samples under the stress of 120 
MPa can be characterized that the appearance of insoluble Al-Fe-Cu particle cracking was 
initiated like that in position 1 and then extended to form a cavity similar to that in position 3, as 
seen in Fig. 4.34(a). On the other hand, cavities have also nucleated at insoluble Al-Fe-Cu 
particles/matrix interfaces for both alloys under all stress regimes, as that in position 2 seen in the 
micrographs of Fig. 4.34(a)-(b) and Fig. 4.35(b)-(c), due to high stress concentrations. The 
insoluble Al-Fe-Cu particles/matrix de-cohesion appeared specifically in the semi-solid cast 
7075-T6 Al alloy samples under the stress of 180 MPa, as pointed out by the white arrow in Fig. 
4.34(c). Matrix deformation in the commercial 7075-T651 Al alloy samples can be clearly 
observed after the creep rupture test, as pointed out by the black arrow in Fig. 4.35(a), whereas it 
did not appear in the semi-solid cast 7075-T6 Al alloy samples in Fig. 4.35(b). It can be deduced 
from these evidences in the present work that creep cavitation is predominantly a creep rupture 
controlled mechanism in the semi-solid cast 7075-T6 Al alloy with  values of around 7-11, and 
the  values of the semi-solid cast 7075-T6 Al alloy are lower than that of the commercial 7075-
T651 Al alloy. Precipitate coarsening and creep cavitation together induce the creep rupture in the 
commercial 7075-T651 Al alloy with  values of more than 11. According to the criteria 
proposed in other reference [32], as mentioned earlier, our  results should have led a conclusion 
that our creep rupture mechanism should be that of precipitation coarsening, but they are not. In 
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other words, the  values of the alloys in the present work are not in agreement with previous 
reference if it were to be used as the same criteria. In the present work, to stress again once more, 
creep cavity control predominate over for  values of 11 or lower, and a combination of rapid 
precipitate coarsening and cavity control the creep rupture for  values higher than 11. This 
effect could be due to different heat treatment methods to the parent Al materials. As for other 
materials, such as steel, it has been reported that the values for cavity developed cracks are for  
 2, while microstructure instability controlled mechanism or precipitate coarsening cracks occur 
for   2 [79].  
 
 
 
Fig. 4.34 Typical cavity nucleation in the semi-solid cast 7075-T6 Al alloy at the area away from 
the rupture tip within 0.4 mm. 
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Fig. 4.35 Typical cavity nucleation in the commercial 7075-T651 Al alloy at the area away from 
the rupture tip (a) and (c) within 0.4 mm, and (b) more than 0.4 mm. 
 
          
 
Fig. 4.36 Stress dependence of creep rupture time. 
 
Fig. 4.36 shows the stress dependence to the creep rupture time. The creep 
rupture time of either alloy is shorter with increasing stress. Generally, the creep rupture time of 
the semi-solid cast7075-T6 Al alloy is longer than the commercial 7075-T651 Al alloy under 
creep test at all applied stress regimes. The difference in creep rupture time is distinct at the lower 
applied stresses of 120 MPa and 140 MPa.  At higher applied stresses of 160 and 180 MPa the 
creep rupture times of both alloys are not so markedly different. De-cohesion occurs when a stress 
reaches a critical value at a failure site [80]. It is plausible that the increase in the applied stress 
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accelerates de-cohesion between the insoluble Al-Fe-Cu particles/matrices beyond the nucleating 
cavity sites at insoluble Al-Fe-Cu particle/matrix interfaces, as evident in Fig. 4.34(c). This effect 
produces propagation of cavities and accelerates creep rupture time in the semi-solid cast 7075-
T6 Al alloy at the higher applied stresses.  
 
 
 
Fig. 4.37 Rupture surface under selected creep test condition at stress of 180MPa for (a)-
(b) the semi-solid cast7075-T6 Al alloy and (c)-(d) the commercial 7075-T651 
Al alloy 
 
      Fig. 4.37 shows SEM micrographs of distinctive rupture surface 
characteristics of both alloys. The semi-solid cast7075-T6 Al alloy ruptured in a brittle manner of 
quasi-cleavage form, conforming to that described in Ref. [81]. Higher magnification in Fig. 
4.37(b) reveals two typical features observed in the rupture surface: (1) less ductile regions I, 
created by the growth and the coalescence of voids formed within the -Al matrix and (2) 
apparently quasi-cleavage region II, created by de-cohesion between insoluble particle/matrix 
interfaces. Element mapping of the rupture surface for the semi-solid 7075-T6 Al alloy highlights 
the quasi-cleavage areas being either Mg-Si particles or Al-Fe-Cu particles, as seen in Fig. 4.38. 
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Ductile manner appeared in the commercial 7075-T651 Al alloy, as characterized by dimples in 
the rupture surfaces [32], [81] depicted in Fig. 4.37(c) and (d). In contrast, smaller surface areas 
of those insoluble particles appear in the commercial 7075-T651 Al alloy, as noted in Fig. 4.39. 
Signal within dimples cannot be detected. However, particles within dimples could be analyzed 
by EDS point scan.  These particles were found to be in the Fe-rich phase, as shown in the EDS 
sample result in Fig. 4.40. 
 
 
 
Fig. 4.38 Element mapping of the rupture surface under creep rupture test at stress of 180MPa for 
the semi-solid 7075-T6 Al alloy. 
 
 
 
Fig. 4.39 Element mapping of the rupture surface under creep rupture test at stress of 180MPa for 
the commercial 7075-T651 Al alloy. 
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Fig. 4.40 EDS result of a particle within a dimple of the commercial 7075-T651 Al alloy. 
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CHARPTER 5 
CONCLUSIONS 
 
5.1 Conclusions 
 
  The study results of this thesis have been reported and discussed in a previous 
chapter. Details of T6 heat treatment studies were mainly presented into three topics. One 
investigated the influence of solution heat treatment temperature and times on microstructures and 
mechanical properties of semi-solid cast 7075 Al alloy produced by GISS technique. Next one 
studied the effect of aging temperatures and time on microstructure and mechanical properties of 
the alloy after passing optimum solution heat treatment condition. Another explored the creep 
rupture behavior of the semi-solid cast 7075-T6 in comparison with the commercial 7075 Al alloy 
under temperature of 200C.  This chapter will conclude the all result studies which divide into 
three topics as well. 
 
5.1.1 Influence of solution heat treatment temperature and times on 
microstructures and mechanical properties of semi-solid cast 7075 Al alloy produced by 
GISS technique 
 
5.1.1.1. As-cast samples consist of two main phases: a non-dendritic grain 
structure of α-Al phase and grain boundary eutectic phase (α-Al+ Mg(Zn,Cu,Al)2).  
5.1.1.2. The eutectic phases completely dissolved after solution heat treatment 
for 1 h at 480 C, and for 4 h at 450 C.  
5.1.1.3. High solution treatment temperature of 480C and prolonged solution 
heat treatment time at 450C resulted in incipient melting which led to the formation of 
deteriorated overheated Mg2Si particles.  
5.1.1.4. The remaining GB phases of elongated Mg2Si phase and Cu2FeAl7 phase 
were found in microstructure of the alloy after solution heat treatment at either temperature for 
various holding times.  
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5.1.1.5. The optimum solution heat treatment condition derived from this study 
was thus 4 h at 450 C.  
 
5.1.2 Effect of aging temperatures and time on microstructure and 
mechanical properties of the alloy after passed optimum solution heat treatment condition 
 
 5.1.2.1. By using of solution heat treatment condition and by aging the 
specimen to complete T6 heat treatment, the highest hardness and the highest UTS of about 90 
HRB and 486 MPa were obtained from the specimen artificially aged at 120C for 72 h.  
5.1.2.2. At higher aging temperatures, 145C, 165C, and 185C, the peak 
hardness values decreased while the precipitate size increased with increasing aging temperature 
as the number density of fine precipitates decreased owing to the lower driving force for 
nucleation at higher aging temperature. However, the time to achieve the optimum hardness was 
shorter due to higher diffusion rate at higher aging temperature.  
5.1.2.3. The  phase was mainly responsible for strengthening at all aging 
temperatures, while the  phase started to form at 145C, 165C, and 185C for the onset of 
hardness plateau times.  
5.1.2.4. The activation energy for forming the precipitates of the alloy at the 
onset of peak-aged time derived from this research was 95,827 J/mol. 
 
5.1.3 Creep rupture behavior and microstructure characterization of semi-
solid cast 7075-T6 Al alloy produced by Gas Induced Semi-Solid (GISS) process in 
comparison with commercial 7075-T651 Al alloy under temperature of 200C 
 
5.1.3.1. Creep deformation of both alloys was found to be controlled by 
dislocation mechanism, with an equal stress exponent n value of 6.3 for both alloys as the basis.  
5.1.3.2. Slow precipitate coarsening of the semi-solid cast 7075-T6 Al alloy 
resulted in lower minimum creep rate and longer creep rupture time than the commercial 7075-
T651 Al alloy. Creep rupture time of the semi-solid cast 7075-T6 Al alloy was distinctly longer 
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than the commercial 7075-T651 Al alloy at stress regimes of 120-140 MPa because of 
qualitatively lower precipitate coarsening and higher precipitate density.  
5.1.3.3. Creep cavity predominantly controlled creep rupture of the semi-solid 
cast 7075-T6 Al alloy despite the appearance of precipitate coarsening.  
5.1.3.4. A combination of rapid precipitate coarsening and creep cavity 
controlled the creep rupture in the commercial 7075-T651 Al alloy. 
5.1.3.5. All cavities in the semi-solid cast 7075-T6 Al alloy, as well as in the 
commercial 7075-T651 Al alloy, were found to be initiated at the interface of Al-Fe-Cu insoluble 
particles and the matrix.  
5.1.3.6. De-cohesion between insoluble particles and the matrix was found to be 
accelerated at higher stresses, leading to propagation of cavities and convergence of creep rupture 
time of the semi-solid cast 7075-T6 Al alloy to be shorter and closer to that of the commercial 
7075-T651 Al alloy.  
5.1.3.7. Creep cavity control predominate over for  values of 11 or lower, and 
a combination of rapid precipitate coarsening and cavity control the creep rupture for  values 
higher than 11.  
5.1.3.8. Quasi-cleavage brittle manner covered the rupture surface of the semi-
solid cast 7075-T6 Al alloy. In contrast, dimple ductile manner was typical for the creep rupture 
surface in the commercial 7075-T651 Al alloy.  
 
5.2 Suggestions 
 
5.2.1 Improving the ductility of semi-solid cast 7075 Al alloy produced by GISS 
technique could be done by deceasing the impurity Fe content of lower 0.25%wt and the impurity 
Si content of lower 0.15%. Another way applies for the combination of heat treatment process 
and other process such as thermomechanical process.   
5.2.2 Interval temperatures of between 450C and 480C are interesting for 
investigating the dissolved eutectic phases. However, the temperature in the chamber furnace 
should be homogenous.  
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5.2.3 The morphology of precipitates at peak aged condition of 120C for 72 h 
examined by using High Resolution Transmission Electron Microscope (HRTEM) is further 
interesting study as well. 
5.2.4 Additional studies of creep behavior of semi-solid cast 7075-T6 Al alloy 
produced by GISS technique can be explored under lower and over temperature of 200C, 
including the  semi-solid cast 7075 Al alloy contained low content of Fe and Si elements . 
5.2.5 The precipitate coarsening during creep of the semi-solid cast 7075-T6 Al 
alloy is interesting topic in comparison with the commercial 7075 Al alloy. 
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                           Fig. Appendix A1. Specimen and LVDT connection design. 
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